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Abstract 
Roughly 50% of the fruit mass remains as waste after fresh consumption or processing of 
citrus fruits. The build-up of these wastes typically signifies an economic and 
environmental nuisance owing to disposal problems. However, studies have shown that 
biogas can be recovered as a valuable product from citrus wastes due to its high 
concentration in soluble sugars, making it a suitable source of cellulosic biomass. D-
Limonene, the major constituent of essential oil present in citrus peel, is however known 
to hamper the conversion process of citrus wastes to biogas. To improve biogas 
production, a study to reduce the effect of D-Limonene was carried out on specific citrus 
fruit waste (Lime waste) after juice extraction. Co-digestion of lime wastes with other 
wastes of high organic content and pre-treatment of lime wastes was studied. From the 
pre-treatment procedure, 42.6 mL of essential oil was recovered from 1 kg pulverized lime 
waste, indicating an oil yield of 3.8%. The co-digested substrate of treated lime waste and 
poultry litter gave the best biogas yield of 138.1 mL/g VS after 28 days. Substrates of co-
digested untreated lime waste and poultry litter, untreated lime waste, and treated lime 
waste yielded 66.8, 66.9, and 93.2 mL/g VS biogas, respectively. ANOVA showed that 
the methods employed to reduce D-Limonene concentration in lime waste had no 
significant effect on biogas generation. Furthermore, an economic estimation of the biogas 
production process from lime waste revealed that gas can be produced at a rate of 
₦574.28/cm3 which is less than the current market price of ₦620.69 for cooking gas in 
Nigeria. The findings of this research show that there is a viable recovery option of biogas 
from lime waste, and recommendations of this research can be further explored to develop 
an economically viable biogas plant process that efficiently utilizes citrus wastes. 
Keywords: Citrus Wastes; Lime Waste; D-Limonene; Biogas; Pre-treatment; Co-
digestion 
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CHAPTER ONE 
INTRODUCTION  
1.1 Background Study 
Citrus fruits comprising orange, lemons, tangerine, lime, and grapefruit are the most 
valuable fruit crops in the global market (Olife, Ibeagha & Onwualu, 2015). The Food and 
Agriculture Organization (FAO) approximates orange production in the year 2016 to be 
about 75 million tonnes (FAO, 2018) of which after fresh consumption or processing of 
citrus fruits, about 50% of the fruit mass is left as waste (Marın, Cristina, Obdulio, Julian 
& Jose, 2007). Citrus wastes (CW) typically signify an economic and environmental 
disposal problem. The build-up of citrus wastes (CWs) is an environmental nuisance as it 
gives off an offensive stench, pollutes underground water resource, and attracts disease 
vectors (Owens, Veldhuis & Maclay, 1951; Wikandari, Youngsukkasem, Millati & 
Taherzadeh, 2014a). The potential resource from these wastes can be successfully 
harnessed by extracting valuable by-products from them. Research efforts have helped 
develop the conversion of citrus wastes into economically usable and valuable products 
such as dried pulp for feeding animals, essential oils useful in aromatherapy, fragrances, 
cosmetics, nutritional supplements, domestic household products and pharmaceutical 
formulations, pectins and citric acid, and biogas generated from anaerobic digestion 
(Owens et al., 1951; Burt, 2004; Fisher & Phillips, 2008; Viuda, Ruiz, Fernandez & Perez, 
2008; Ong, 2012; Lopresto et al., 2014; Giwa, Muhammad & Giwa, 2018; 
Golmohammadi, Borghei, Zenouzi, Ashrafi & Taherzadeh, 2018).  
The chemical composition of citrus wastes consists of high concentrations of soluble 
sugars (Marin et al., 2007; Rivas-Cantu, Jones & Mills, 2013) which makes it a suitable 
source of cellulosic biomass for biofuel (bioethanol and biogas) generation (Forgacs, 
2012). Conversion of biomass to biogas is done through an anaerobic digestion process, 
under mesophilic or thermophilic conditions, which sustainably utilizes the potential of 
citrus wastes (Zema et al., 2018). Biogas serves as an alternative to fossil fuels and is 
useful for cooking, electricity, lightning, and vehicle fuel (Forgacs, 2012). Anaerobic 
digestion of citrus waste to biogas therefore combines as a sustainable means to reduce 
environmental pollution impact and produce clean energy ((Forgacs, 2012; Wikandari et 
al., 2014a). However, the anaerobic conversion process of citrus waste to biogas is 
negatively affected by the presence of D-limonene in citrus essential oils found in citrus 
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peels (Wikandari, Niklasson, Nguyen, Millati & Taherzadeh, 2014b; Martin, Fernandez, 
Gutierrez & Siles, 2018; Zema et al., 2018), consequently resulting in inefficiency in 
production processes and high production costs, thereby limiting the prospect of 
commercial production. D-limonene is an anti-microbial agent that inhibits microbial 
actions and can cause total failure of anaerobic digestion systems (Lohrasbi, Pourbafrani, 
Niklasson & Taherzadeh, 2010; Martın, Siles, Chica & Martın, 2010; Forgacs, 
Pourbafrani, Niklasson, Taherzadeh & Hovath, 2012). Pourbafrani, Forgacs, Sarvari, 
Niklasson & Taherzadeh (2010) suggested that the magnitude at which D-limonene 
inhibits anaerobic digestion under thermophilic conditions is between 450 and 900 μL/L, 
while the threshold level under mesophilic conditions is 400 μL/L (Mizuki, Akao & 
Saruwatari, 1990). Researchers have overcome the effect of D-limonene on anaerobic 
digestion by (i) the use of cell protection system (Pourbafrani, Talebnia, Niklasson & 
Taherzadeh, 2007; Wikandari et al., 2014a; Wikandari, Millati, Muhammad & 
Taherzadeh, 2014c) (ii) pre-treatment of citrus wastes to lessen D-limonene concentration 
(Martin et al., 2010; Forgacs, 2012) or (iii) co-digestion of citrus waste with different 
waste materials, that are rich in organic content, to reduce D-limonene concentration 
(Forgacs et al., 2012). 
Several reported investigations have shown that different pre-treatment processes have 
successfully improved biogas yield from citrus wastes. The pre-treatment of citrus wastes 
has the added advantage of being a viable alternative to overcome the economic obstacle 
associated with the commercial production of biogas as essential oils which have high 
market value and can be recovered as a co-product during pre-treatment processes. Pre-
treatment of waste materials is usually achieved by physical, chemical, physico-chemical 
or biological methods including but not limited to milling, irradiation, microwave, steam 
explosion, ammonia fibre explosion (AFEX), supercritical CO2 and its explosion, alkaline 
hydrolysis, liquid hot-water pre-treatment, organosolv processes, wet oxidation, 
ozonolysis, dilute-and concentrated-acid hydrolyses, and biological pre-treatments leading 
to an enhancement in the biodegradation of wastes for biogas production (Taherzadeh & 
Karimi, 2008).  
The most commonly reported pre-treatment process used in improving biogas yield of 
citrus wastes is steam explosion known to have increased biogas yield up to 426% 
(Forgacs et al., 2012). Nevertheless, steam explosion is performed under harsh conditions, 
requiring high energy use and can only be done using expensive equipment. A low energy 
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demanding and less expensive pre-treatment alternative that is favourable for improving 
biogas yield is the solid-liquid extraction (leaching) process, but little investigation has 
been done to examine its effect on improving biogas yield. This study is therefore focused 
on improving biogas yield by reducing the effect of D-limonene.  
1.2 Aim 
To determine the biogas recovery potential after reducing D-limonene content in lime 
wastes.  
1.3 Objectives 
The objectives of this study are to: 
i. pre-treat lime wastes using solid-liquid extraction (leaching) process, with hexane 
as solvent, to reduce D-limonene concentration and recover citrus essential oils. 
ii. investigate the biogas yield from substrates of untreated lime wastes, lime wastes 
mixed with poultry litter, and pre-treated lime wastes under mesophilic conditions, 
using laboratory experiments 
iii. estimate the cost of biogas production from lime wastes after juice extraction. 
1.4 Problem Statement 
Citrus waste is one of the major waste produced from fruit processing activities and there 
are economic and environmental concerns associated with its disposition. The high 
concentration of soluble sugars in citrus waste makes it a suitable feedstock for biogas 
generation. However, essential oils from citrus wastes contain D-limonene; a known 
inhibitor of microbial activity during anaerobic digestion, thus affecting negatively the 
production of biogas. Several investigations have proffered certain pre-treatment 
processes as solutions to neutralize the effect of D-Limonene. A lot of these pre-treatment 
procedures are performed under uneven circumstances, requiring high energy use while 
others can only be done using expensive equipment. Since the goal is to improve biogas 
yield as a source of energy, there is need to modify the pre-treatment process so that there 
is little requirement for energy consumption and anaerobic microorganisms can thrive 
properly to boost biogas generation and ensure the production process is efficient and cost 
effective.  
1.5 Justification 
In developed countries, recent advances have seen a paradigm shift from the use of 
conventional fossil fuels to the use of cleaner and renewable sources to meet energy 
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demands. Utilization of waste materials of high organic matter content for generation of 
biogas under controlled anaerobic conditions eliminates the disposal costs, environmental 
pollution, and presents an environmental friendly, renewable clean source of energy as 
compared to burning of fossil fuels. In Nigeria where about 4 million tonnes of citrus fruit 
is produced annually (FAO, 2018), a large quantity of citrus wastes end up on dumpsites. 
This study helps to develop a locally adaptable and conservative method to achieve the 
use of citrus wastes in generating energy to complement the already existing source of 
energy. This will help to realise the Sustainable Development Goals 6 (Clean Water and 
Sanitation) and 7 (Affordable and Clean Energy).  
1.6 Scope of Study 
The focus of this study was to examine the effect of pre-treatment and co-digestion on 
neutralizing the effect of D-limonene in a bid to improve biogas yield from lime waste. 
This research work featured laboratory experiments followed by an economic estimation 
of biogas production from lime wastes. The laboratory phase involved an initial treatment 
of fresh lime wastes to remove and recover essential oils containing D-Limonene. 
Emphasis was laid on ensuring residual treatment substances in the lime wastes are 
adequately reduced. The treatment process was immediately followed by a set of 
experimental procedures at laboratory scale to determine the biogas yield of co-digested, 
treated and untreated lime wastes under mesophilic conditions.  
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CHAPTER TWO   
LITERATURE REVIEW  
2.1 Citrus Waste Management 
2.1.1 Citrus fruits 
Oranges, tangerines, lime, lemons and grapefruits are considered as citrus fruits; and are 
the most valuable in the global fruit market. The Food and Agriculture Organization 
(FAO) reported the world’s citrus production, in 2016, to be about 125 million tonnes 
(Figure 2.1) (FAO, 2018). Citrus fruits have varying degrees of usage but are mostly eaten 
fresh or processed into juices.  Other uses are pharmaceutical applications, production of 
squashes, jams and marmalades, citrus fruit powders, and other flavouring agents used in 
cooked dishes (Olife et al., 2015). According to the FAO, the citrus production capacity of 
Nigeria for 2016 was estimated at 4 million tonnes (FAO, 2018), approximately 3% of the 
global citrus production, of which a large proportion is consumed locally. 
 Figure 2.1. World citrus fruit production  
Source: FAO (2018) 
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2.1.2 Citrus wastes 
After fresh consumption or processing of citrus fruits, left over materials that are not 
acceptable in the food chain are considered as waste. Ruiz (2015) categorized citrus 
wastes to consist of: 
i. residual peels, seeds and pressed pulps generated by juice producing industries; 
ii. rejected fruits (spoiled fruit for example); and 
iii. fruits disposed as a result of regulations that ban their use for juice production. 
The quantity of citrus wastes generated is totally dependent on the quantity of citrus fruit 
produced as about 50% of the fruit mass, comprising seeds, rinds and pulps, is left as 
waste (Lane, 1983; Wilkins, Suryawati, Maness & Chrz, 2007; Marin et al., 2007; 
Lohrasbi et al., 2010) after the fresh consumption or processing of citrus fruit.  
2.1.3 Utilization of citrus waste 
As of 2016, about 72.5 million tonnes of citrus waste was generated all around the world 
and a large portion of this waste ends up in landfills.  The high moisture content (80-
90%), low pH (3-4) and high organic matter content of citrus waste means that disposal in 
landfills, wastelands or municipal garbage was bad practice as build-up of decomposing 
waste began to give off an offensive stench, pollute underground water resource, and 
attract disease vectors, posing health hazards to communities (Olukanni, Akinyinka, Ede, 
Akinwumi & Ajanaku, 2014). Researchers have suggested several solutions to tackle this 
increasingly serious problem, producing economically viable materials in the process. 
2.1.3.1 Citrus waste as livestock feed 
Citrus wastes are useful and have been traditionally used as animal feed owing to their 
good nutritional value with suitable amount of sugar fibres (Tripodo, Lanuzza, Micali, 
Coppolino & Nucita, 2004). However, citrus wastes have to be dried and supplemented 
with other feed before it can be extensively used in feeding of livestock (Owens et al., 
1951) making this management method costly. 
2.1.3.2 Citrus essential oils 
Essential oils can be removed from the rinds of citrus wastes using various techniques. 
Citrus essential oils are of high demand all around the world (Olife et al., 2015; Bousbia, 
Vian, Ferhat, Meklati & Chemat, 2009) as they are useful in aromatherapy, fragrances, 
nutritional supplements, domestic household products, pharmaceutical formulations and 
cosmetics production (Raeissi, Diaz, Espinosa, Peters & Brignole, 2008). 
7 
 
2.1.3.3 Thermal treatment 
Citrus wastes can be subjected to incineration, gasification or pyrolysis. However, due to 
its high water content, a dewatering/drying process would be necessary and this translates 
to an inefficient management method from an energy or economic point of view (Ruiz, 
2015). 
2.1.3.4 Biofuel 
Citrus wastes have soluble sugars in high concentrations (Marin et al., 2007; Rivas-Cantu 
et al., 2013) which make them a suitable source of cellulosic biomass (Forgacs, 2012) 
from which biodiesel, bioethanol, and biogas, which are all sources of renewable energy, 
can be produced (Kapluhan, 2014).  
Recent studies have seen the generation of 50 – 60 litres of bioethanol from 1 tonne of 
citrus wastes as obtainable in (Boluda-Aguilar & Lopez-Gomez, 2013) while Gunaseelan, 
(2004); Kaparaju & Rintala, (2006); and Koppar & Pullammanappallil (2013) showed the 
possibility of generating as much as 110 cubic metre of methane (CH4) from a tonne of 
citrus waste having total solid and volatile solid contents of 18 and 95 percent, 
respectively. Nonetheless costs required to establish a bioethanol plant, an equivalent of 
₦240,000 ($667 USD) annually per tonne of citrus waste (Sanchez-Segado et al., 2012), 
and a biogas plant, an equivalent of between ₦30,000 - ₦80,000 ($83 - $222 USD) per 
tonne of citrus waste per year (Cavinato, Fatone, Bolzonella & Pavan, 2010; Karellas, 
Boukis & Kontopoulos, 2010; Sorda, Sunak & Madlener, 2013), makes biogas generation 
a more efficient option compared to bioethanol generation. However, the conversion 
process of citrus waste to biofuel is limited due to the presence of D-limonene in citrus 
essential oils (Wikandari et al., 2014b; Martin et al., 2018; Zema et al., 2018). 
2.1.4 Renewable energy 
Urbanization and population growth have triggered an increasing demand for energy 
globally. At present, a large percentage of the global energy need is catered for by fossil 
fuels (International Energy Agency [IEA], 2011). Greenhouse emissions reduction, 
environmental conservation and source depletion have necessitated the need for a change 
to making use of cleaner and renewable sources to meet energy demands rather than the 
conventional use of fossil fuels (Forgacs, 2012; Ali & Serdar, 2017). Common sources of 
renewable energy are water, wind, geothermal, solar energy and biomass (Deublein & 
Steinhauser, 2008). 
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Recycling of waste materials hold numerous economic and environmental advantages 
(Olukanni, Aipoh & Kalabo, 2018) and this has seen recent rise in exploitation of biomass 
resources. Biomass are materials of organic content, usually animal and plant wastes, 
which can be converted into energy (Rivas-Cantu et al., 2013). Utilization of waste 
materials of high organic matter content for energy production under controlled conditions 
eliminates disposal costs, environmental pollution, and presents an environmental 
friendly, renewable clean source of energy as compared to burning of fossil fuels. Biogas 
recovery from biomass is the most efficient utilization of high organic wastes. Biogas is 
generated when organic matter is digested anaerobically. It is a gaseous, colourless fuel 
that consist of a large proportion of methane (CH4), carbon dioxide (CO2) and negligible 
amounts of nitrogen, hydrogen, ammonia and hydrogen sulphide (Angelidaki, Ellegaard & 
Ahring, 2003), useful for cooking, electricity, lightning, and vehicle fuel (Forgacs, 2012). 
The composition and characteristics of biogas can be found in Table 2.1 and Table 2.2, 
respectively. 
Table 2.1 Composition of biogas  
COMPOUND FORMULA % COMPOSITION 
METHANE CH4 50 – 75 
CARBON DIOXIDE CO2 30 – 60 
HYDROGEN SULPHIDE H2S 0 – 3 
NITROGEN N2 Traces 
HYDROGEN H Traces 
AMMONIA NH3 Traces 
Source: Ali & Serdar (2017) 
 
Table 2.2 Characteristics of biogas  
PROPERTY VALUE 
DENSITY 0.83 g/L 
OCTANE NUMBER 110 
COMBUSTION TEMPERATURE 7000C 
FLAME TEMPERATURE 8700C 
COLOUR Colourless 
SMELL Odourless 
Source: Ali & Serdar (2017) 
9 
 
Biogas technology holds a greater advantage in relation to other biofuels because of the 
suitability of various materials as substrates for biogas generation (Dolan, Cook & Angus, 
2011). Biogas technology helps to preserve the environment; capture methane and carbon 
dioxide that would normally pollute the atmosphere as organic matter decays naturally. 
Methane and carbon dioxide are major greenhouse gases known to adversely affect the 
world’s climate (Forgacs, 2012). Biogas technology has therefore garnered attention as a 
result of all of these incentives. 
2.2 Anaerobic Digestion 
Anaerobic Digestion (AD) is a biochemical procedure in the absence of oxygen which 
involves the action of anaerobic microorganisms in the breakdown and degradation of 
complex organic matter. AD is naturally occurring in environments lacking oxygen such 
as marshlands, landfills, and in ruminant animals. The resultant products from controlled 
AD are biogas and digestate which have varying degrees of usage as shown in Figure 2.2.  
   
Figure 2.2 Anaerobic digestion process  
Source: Environmental and Energy Study Institute (2017). 
2.2.1 The biochemical process of anaerobic digestion 
Biogas production results from phases of connected reactions, in which substrate 
components are gradually separated into littler units. Each individual phase has unique 
microorganisms involved in decomposing the products emanating from the previous 
10 
 
phase. The major steps involved in the biochemical process of anaerobic digestion are 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis as summarized in Figure 2.3. 
 
Figure 2.3 Biochemical process of anaerobic digestion  
Source: Al Seadi, (2001). 
2.2.1.1 Hydrolysis 
Anaerobic digestion starts from hydrolysis during which polymers such as soluble and 
insoluble carbohydrates, proteins, and fats are disintegrated into simpler molecules like 
sucrose, glycerol by the actions of hydrolytic microorganisms. Hydrolytic microorganisms 
release extracellular enzymes; mainly protease, lipase, cellobiase, cellulase, xylanase, 
hemicellulases, and amylase, converting polymers into monomers (Parawira, Murto, Read 
& Mattiasson, 2005; Al Seadi et al., 2008; Weiland, 2010). 
Lipids    fatty acids, glycerol 
Polysaccharide     monosaccharide 
Proteins   amino acids 
2.2.1.2 Acidogenesis 
The soluble monomers resulting from the hydrolysis phase are further broken down by 
fermentative bacteria into acetate, carbon dioxide and hydrogen in an acidogenesis 
process. Other compounds such as volatile fatty acids (VFAs) and alcohols are formed as 
well if process conditions are not ideal (Forgacs, 2012).  Further modification of these 
compounds is required in the acetogenic phase before methanogenic organisms can 
convert them to methane.  
cellulose, cellobiase, xylanase, 
amylase 
protease 
lipase 
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2.2.1.3 Acetogenesis 
Reactions during the acetogenesis phase converts alcohols and volatile fatty acids formed 
during acidogenesis into acetate, carbon dioxide, and hydrogen to enable methanogenic 
organisms convert them into methane. Hydrogen produced during the acetogenic phase 
increases hydrogen partial pressure inhibiting the function of acetogenic microorganisms 
that are usually able to survive at low hydrogen pressure. However, methanogenic 
microorganisms are able to convert hydrogen into methane. This makes the relationship 
between methanogenic microorganisms and acetogenic microorganisms a symbiosis (Al 
Saedi et al., 2008; Forgacs 2012). 
2CO2 + 4H2  CH3COOH + 2H2O    (2.1)         
2.2.1.4 Methanogenesis 
In the methanogenesis phase, methane and carbon dioxide are produced by action of 
methanogenic microorganisms on acetate, hydrogen and carbon dioxide. Acetate accounts 
for about 70% of methane production while the remaining 30% is formed from the 
reaction of hydrogen and carbon dioxide, according to the equations below: 
CH3COOH⇌ CH4 + CO2     (2.2) 
CO2 + 4H2 ⇌ CH4 + 2H2O     (2.3) 
The methanogenic phase is a critical step in AD as the methanogenic bacteria are very 
sensitive to process conditions and parameters, such as substrate composition and 
concentration, pH, feeding rate, and temperature (Al Saedi et al., 2008; Forgacs, 2012). 
All of these can greatly influence the methanogenesis process.  
2.2.2 Anaerobic digestion process parameters 
Certain important parameters influence the effectiveness of the anaerobic digestion 
process. Conditions such as substrate composition and concentration, pH value, feeding 
rate, oxygen, presence of inhibitors, and temperature affect actions of anaerobic 
microorganisms and the entire anaerobic digestion process. 
2.2.2.1 Temperature 
The anaerobic digestion process is able to occur at a range of temperatures, from 
temperatures below 25 0C to over 55 0C. However, AD is usually done under mesophilic 
(25 – 45 0C) and thermophilic (45 – 70 0C) conditions for industrial uses. Table 2.3 
compares anaerobic digestion under mesophilic and thermophilic conditions. 
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Table 2.3 Anaerobic digestion under mesophilic and thermophilic conditions 
Process Operation Mesophilic Thermophilic 
Degradation Rate Lower Higher 
Methane Yield Lower Higher 
Hydraulic Retention Time Longer (30-40 days) Shorter (15 to 20 days) 
Sanitation No Possible 
Energy Demand Low High 
Temperature Sensitivity Low High 
Process Stability Higher Lower 
Source: Forgacs (2012) 
Anaerobic digestion at higher temperatures has numerous advantages compared to lower 
temperatures but requires a higher energy demand. 
2.2.2.2 pH value 
The pH value of a substance is the direct measure of its degree of alkalinity or acidity. The 
growth of anaerobic microorganisms and chemical disintegration of some compounds is 
greatly influenced by the pH value of substrates available for digestion. Al Saedi et al. 
(2008) observed methanogenic microorganisms’ activity to be optimum at pH value 
ranging from 7 to 8 while acidogenic microorganisms operate optimally at lower pH 
value. During anaerobic digestion, build-up of volatile fatty acids lowers pH value 
whereas the presence of ammonia increases pH value. 
2.2.2.3 Volatile fatty acids 
Volatile fatty acids are intermediate compounds formed during the acidogenic phase of 
anaerobic digestion and can serve as a determinant for the efficiency of anaerobic 
digesters (Wang, Kuninobu, Ogawa & Kato, 1999). The accumulation of VFAs within a 
system, causes pH value to drop and signifies an instability in the AD process, thereby 
inhibiting methanogenesis (Siegert & Banks, 2005). 
2.2.2.4 Ammonia 
The main source of ammonia in the anaerobic digestion process is the breakdown of 
protein. Great amounts of free ammonia (NH3) causes process inhibition. Ammonia 
concentration has a linear relationship with temperature making thermophilic digestion 
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prone to ammonia inhibition, compared to mesophilic digestion. Nevertheless, it is 
essential that ammonia concentration in digesters should not exceed 80 mg/l to limit 
inhibition capability (Angelidaki & Ahring, 1993; Deublein & Steinhauser, 2008)  
2.2.2.5 Nutrients and toxic compounds 
Nitrogen, carbon, sulphur, phosphorus, as well as trace elements such as iron, cobalt, 
molybdenum, nickel, selenium and tungsten are indispensable for the survival of 
microorganisms. Deficiency in nitrogen levels inhibits microbial growth and hinders rate 
in which organic matter is used up. Conversely, excess nitrogen leads to higher production 
of ammonia, consequently affecting methanogens in a negative manner. Hence, proper 
combination for these nutrients is important for AD. The optimum carbon, nitrogen, 
phosphorus, and sulphur ratio in a digester is considered 600:15:5:1 (Al Saedi et al., 
2008). 
The existence of toxic compounds in a digester is another factor that can influence 
microbial activity. These toxic compounds can be introduced into the system as part of 
feedstock or a by-product of chemical reaction during anaerobic digestion process 
2.2.2.6 Organic loading rate 
Organic loading rate is the rate at which organic matter is introduced into a digester, with 
respect to volume and time. It is mathematically expressed as: 
       (2.4) 
Where  OLR is organic loading rate ( ) 
 m is mass of substrate per unit time  
 c is concentration of organic matter  
 V is digester volume  
Organic loading rate is crucial to attaining maximum biogas production. Low OLR 
underutilises digester capacity while excessive OLR beyond digester capacity can cause 
system failure. 
2.2.2.7 Hydraulic retention time 
This is the duration in which substrate is retained in a digester or reactor. It can be 
expressed as: 
       (2.5) 
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Where  HRT is hydraulic retention time  
 V is digester volume  
 Vs is volume of substrate fed per unit time  
2.3 Biogas Production from Citrus Waste 
Agricultural wastes are suitable substrates for anaerobic digestion as they are rich in 
organic matter (Croce, Wei, D'Imporzano, Dong & Adani, 2016; Mustafa, Poulsen, Xia & 
Sheng, 2017; Mancini, Papirio, Lens & Esposito, 2018; Olukanni & Olatunji, 2018). The 
utilization of citrus wastes for biogas generation has reasonably garnered attention 
recently because of their high concentrations of soluble sugars (Marin et al., 2007; Rivas-
Cantu et al., 2013) consequently making their biomethane potential greater than most 
agricultural wastes (Gunaseelan, 2004; Calabrò et al., 2016; Calabrò et al., 2017). In their 
analysis of an industry that handles 600 tons of citrus per day, Koppar & 
Pullammanappallil (2013) revealed that the biogas potential of the plant’s waste stream 
exceeds its electricity and fuel demand.  
2.3.1 Citrus waste composition 
The physico-chemical composition of citrus wastes includes soluble and insoluble 
carbohydrates (such as glucose, fructose, sucrose, cellulose, hemicellulose and pectin), 
protein, fats, flavonoids, acids, vitamins, pigments, mineral elements, volatile compounds, 
enzymes and essential oils (having D-limonene as major component) (Bampidis & 
Robinson, 2006; Marin et al., 2007; Calabro et al., 2017) as presented in Figure 2.4. 
Citrus waste is characterized by low pH of 3.5 (Bampidis & Robinson, 2006), water 
content ranging from 80-90% in fresh citrus waste and 8-10% in dried citrus waste. 
Forgacs, (2012) concluded that citrus wastes composition varies slightly from one citrus 
fruit to the other and process factors peculiar to citrus fruits. 
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Figure 2.4 Percentage composition of citrus waste 
Source: Rivas-Cantu et al. (2013) 
2.3.2 Citrus essential oils 
Citrus essential oils are stored within glands found in the rinds of citrus fruits. Typically, a 
ton of orange peels can generate about 5.44kg of essential oils, of which 90% of its 
composition is D-limonene (Martin et al., 2010; Calabro, Paone & Komilis, 2018), D-
limonene is an anti-microbial agent (Plessas et al., 2007) and according to Sierra-Alvarez, 
Kato & Lettinga (as cited in Ruiz, 2015), metabolism did not occur when microorganisms 
were introduced to limonene under anaerobic conditions. On the other hand, Schwartz, 
Boethling & Leighton (as cited in Ruiz, 2015), observed limonene to be aerobically 
biodegradable up to 94% in 14 days. However, evaporation may have contributed partly to 
the loss of limonene in this case.   
Limonene is a colourless liquid having empirical formula of C10H16. Its structural formula, 
and physical and chemical characteristics are shown in Figure 2.5 and Table 2.4, 
respectively. 
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Figure 2.5 Structural formula of limonene 
Source: Essential oil:D-Limonene (n.d.) 
 
Table 2.4 Physical and chemical characteristics of limonene  
MELTING POINT -74.35 0C 
BOILING POINT 175.5 – 176.0 0C 
DENSITY 0.84 g/cm3 at 20 0C 
MOLECULAR WEIGHT 136.23 
VAPOUR PRESSURE 190 Pa at 20 0C 
WATER SOLUBILITY 13.8 mg/L at 25 0C 
HENRY’S LAW CONSTANT 34.8 KPam3/mol at 25 0C 
ACTIVATION ENERGY 37.87 KJ/mol 
LOG KOW 4.23 
LOG P 4.46 
Source: Modified from Ruiz (2015) 
Since limonene inhibits microbial actions, it can cause total failure of anaerobic digestion 
systems (Lohrasbi et al., 2010; Martin et al., 2010; Forgacs et al., 2012). Pourbafrani et al. 
(2010) suggested that the magnitude at which D-limonene inhibits anaerobic digestion 
under thermophilic conditions is between 450 and 900 μL/L, while the threshold level 
under mesophilic conditions is 400 μL/L (Mizuki et al., 1990). More so, it is known to be 
a high value product that is extensively useful in aromatherapy, fragrances, cosmetics, 
nutritional supplements, domestic household products and pharmaceutical formulations 
(Smyth & Lambert, 1998; Bakkali, Averbeck, Averbeck, & Idaomar, 2008; Fisher & 
Phillips, 2008; Nguyen, 2012). It is therefore important to remove D-limonene from citrus 
wastes before the commencement of anaerobic digestion processes. 
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2.4 Limonene Extraction from Citrus Wastes  
2.4.1 Introduction 
The extraction of D-limonene has been suggested by researchers to increase the 
biodegradability of citrus wastes. According to Ruiz (2015), two approaches can be used 
to achieve this: 
i. recovery of citrus essential oil as a valuable product; or  
ii. removal of citrus essential oil with the sole purpose of improving biogas 
production.  
Processes that can be used for citrus essential oil recovery include solid-liquid extraction, 
extraction with supercritical fluids, solvent extraction and partitioning, centrifugation, 
cold pressing, steam distillation, and steam explosion (Owens et al., 1951; Hull, Lindsay 
& Baier, 1953; Ruiz, 2015). On the other hand, removal of citrus essential oil can be 
achieved with aeration and biological treatments (Ruiz, 2015). 
Generally, choosing between recovery and removal of citrus essential oil before anaerobic 
digestion relies on cost-effectiveness of the whole process. Citrus oil recovery of the 
former involves a greater cost but produces a high value ingredient, while citrus oil 
removal implies a cost with the only benefit of a better biogas yield, which must therefore 
be sufficient to recompense for the cost (Ruiz, 2015). 
2.4.2 Review of limonene extraction from citrus wastes to boost biogas production 
potential 
Over the years, several studies have been carried out on the techniques to overcome the 
inhibitory effects of D-limonene on anaerobic digestion of citrus waste for biogas 
generation. Differing physical, chemical, physicochemical, and biological pre-treatment 
methods have been employed.  A vast number of methods including but not limited to 
milling, irradiation, microwave, steam explosion, ammonia fiber explosion (AFEX), 
supercritical CO2 and its explosion, alkaline hydrolysis, liquid hot-water pre-treatment, 
organosolv processes, wet oxidation, ozonolysis, dilute- and concentrated-acid hydrolyses 
have been described in the literature (Taherzadeh & Karimi, 2008) to treat waste materials 
for the purpose of heightening their biodegradation potential for biogas production. 
Pourbafrani et al. (2010) in their assessment of citrus wastes for multiple biofuels 
generation carried out tests by co-digesting organic fraction of municipal solid waste 
(OFMSW) with untreated citrus wastes in different proportions to ascertain the D-
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limonene concentration at which system failure occurs under thermophilic conditions. 
Results showed that when no D-limonene was present i.e. 100% OFMSW was digested, 
D-limonene concentration was 0 µL/L and pH level was 7.81 resulting in the maximum 
recovery of methane volume of about 0.54 Nm3/kg VS. At a co-digestion percentage of 
90% OFMWS and 10% Citrus wastes, D-limonene concentration was 90 µL/L and pH 
level was 7.60 while methane volume remained almost the same. When digestion occurs 
at equal proportion of 50% each of OFMWS and citrus wastes, D-limonene concentration 
was measured at 450 µL/L and pH level was 7.38 resulting in the maximum recovery of 
methane volume of about 0.48 Nm3/kg VS. At 100% digested citrus wastes with no 
OFMSW present, D-limonene was measured to be 900 µL/L with pH levels dropping to 
5.32, stopping the process. It was suggested that the minimum level at which D-limonene 
inhibits anaerobic digestion under thermophilic conditions is between 450 and 900 μL/L. 
In order to remove limonene, they adopted a physico-chemical treatment of citrus wastes 
using acid treatment combined with steam explosion. The pre-treatment procedure 
occurred in 10 L high-pressure reactor where dilute H2SO4 was added to citrus wastes 
under varying conditions. However, the primary purpose of their experiments was to get 
maximise sugar yield for ethanol production from citrus wastes. From the experiments, 
the highest sugar yield of 41% was derived when citrus wastes were mixed with 0.5 % 
(v/v) H2SO4 and subjected to steam explosion at 150 °C for 6 minutes. After ethanol 
production, methane production followed using the stillage and solid residue from ethanol 
fermentation, causing a methane yield of 0.36 Nm3/kg VS. 
Based on the D-limonene concentration tests carried out by Pourbafrani et al. (2010), 
Forgacs et al. (2011) carried out pre-treatment of citrus wastes with a focus on 
maximizing methane production. Pre-treatment experiment was done using pure physical 
method of steam explosion carried out in 10 L high-pressure reactor. Heat was applied to 
the reactor at a pressure of 60 bar using steam from a power plant. Hydrolysis of the citrus 
wastes followed under various conditions. After hydrolysis, citrus wastes slurry was then 
discharged to an expansion tank at atmospheric pressure, while the D-limonene content 
was flashed out to the vapour phase. Forgacs et al. (2011) observed that steam explosion 
at 150 °C for 20 minutes provided the highest methane yield in this experiment, with the 
removal of more than 94 % of the D-limonene, causing in the methane yield of 0.54 
Nm3/kg VS, an increase of 426 % compared to the untreated citrus wastes in experiments 
carried out by Pourbafrani et al. (2010). 
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Calabro et al. (2018) studied the effect of different pre-treatment methods namely; 
aeration, ensiling, alkaline treatment, and thermal treatment to extract D-limonene from 
orange peel waste and in turn boost biogas generation potential. They carried out aeration 
treatment by forcing air at a flow rate of 400 L/kg.h through orange peel waste sample, 
placed on quartz gravel, for a period of 24 hours. Ensiling was done by placing samples in 
air tight containers for 37 days. The thermal pre-treatment of orange peel waste was done 
by regulating the temperature of sample at 70 0C for 24 hours within an open container. 
Alkaline treatment was achieved by mixing CaOH2 with orange peel waste at a ratio of 5g 
of CaOH2 per 100kg total solid orange peel waste with a contact period of one day. The 
combination was hand stirred to ensure proper mixing. The authors examined D-limonene 
removal for aerated, ensiled, alkaline treated, and thermal treated orange peel wastes to be 
13%, 55%, 46% and 57%, respectively. A combination of treatment such as aeration 
together with thermal and alkaline treatment, thermal treatment plus aeration, alkaline 
treatment plus aeration, and thermal plus alkaline treatment caused up to 80%, 46%, 81%, 
and 67% D-limonene removal respectively. Batch digestion tests were then performed to 
determine the potential recovery of bio-methane from treated and untreated orange peel 
waste using different combinations of inocula. Calabro et al. (2018) concluded that the 
treatments were able to decrease D-limonene concentration in orange peel waste thereby 
limiting toxicity during digestion but had little or no effect on bio-methane potential. 
Instead, biogas generation was attributed to the type of inocula used in digestion. 
Martin et al. (2010) in their study extracted D-limonene from orange peel waste prior to 
its anaerobic digestion under mesophilic and thermophilic conditions. Pre-treatment of 
substrate was done using steam distillation. The optimal distillate time was determined to 
be one hour, successfully removing 70% D-limonene. Laboratory batch experiments 
indicated methane yield, at standard temperature and pressure (STP), to be 230 ± 16 
mLSTP CH4/g added VS and 332 ± 17 mLSTP CH4/g added VS under mesophilic and 
thermophilic conditions, respectively. The authors conducted further experimentation at 
pilot scale was done under thermophilic conditions in a semi-continuous mode. They 
observed the most stable organic loading rate to be in the range of 1.20 to 3.67 kg 
COD/m3.d with methane yield of 0.27–0.29 LSTP CH4/g added COD.  
Wikandari et al., (2014b) investigated the use of solid liquid extraction (leaching) 
technique in the removal of D-limonene from orange peel wastes before anaerobic 
digestion occurs. Methane yields of 0.061 and 0.131 Nm3/kg VS were obtained from 
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untreated chopped and homogenized peel, respectively. Chopped and homogenized citrus 
wastes were treated with the use of hexane, diethyl ether, dichloromethane, and ethyl 
examined as solvent in the solvent extraction treatment procedure. Hexane leached citrus 
wastes gave the highest methane yield. Optimization study of hexane as pre-treatment 
solvent was further carried out. Two levels of four parameters including temperature (20 
0C and 40 0C), time (10 min and 300 min), orange peel wastes and hexane ratio (1:2 and 
1:12), and the wastes size (homogenized or chopped) were selected. Their experiments 
showed that the best methane yield (three times the value of the corresponding untreated 
waste) was obtained in chopped peel treated at 20 0C for 10 min with orange peel waste 
and hexane ratio of 1:12. On the other hand, in the case of homogenized peel, the pre-
treatment resulted in lower methane production. It was suggested that hexane had a toxic 
effect on digestion ability of microorganisms, hence poor methane yield from the pre-
treated wastes. Further experimentation in order to confirm the hypothesis showed that 
hexane had a greater inhibitory effect on anaerobic digestion than D-limonene. It was 
suggested that before anaerobic digestion occurs, hexane should be separated from citrus 
waste via vacuum filtration.  
There are several methods that have been reported to tackle the inhibition challenges of D-
limonene. Some pre-treatment methods are performed under harsh conditions, requiring 
high energy use while others can only be done using expensive equipment. Furthermore, 
some pre-treatment materials have negative effects on anaerobic digestion. Since the goal 
is to improve biogas as a source of energy, it is recommended that techniques employed to 
solve the inhibition challenge of D-limonene be one that requires little energy 
consumption and is not harmful to anaerobic digesting microorganisms. 
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CHAPTER THREE  
METHODOLOGY 
3.1 Raw Materials 
The citrus waste used in this work was mashed lime residue collected after the juice 
extraction process in a fruit juice processing company in Ota, Ogun State, Nigeria. The 
lime waste was collected and transported to the laboratory in a polythene bag. Fresh 
poultry litter used as co-substrate in this work was collected from Zion farms, a poultry 
farm settlement, within Ota, Ogun State. All of the collected materials were transferred 
into clean, transparent plastic container and stored in a refrigerator till they were used. 
3.2 Experimental Design 
Factorial design was used to plan and conduct experiments done in this work and Analysis 
of Variance (ANOVA) was utilized to evaluate the results obtained from the experiments. 
The batch digestion of substrate samples was carried out as single-factor experiments with 
the total amount of biogas generated chosen as the response variable. Microsoft Excel was 
used to perform ANOVA to determine the effect of the methods employed to reduce D-
Limonene concentration, on biogas generation. The null hypothesis assumed that there 
was no significant difference between biogas generation even after the use of co-digestion, 
pre-treatment, and a combination of co-digestion and pre-treatment to improve biogas 
generation from lime waste. 
Hypotheses 
 Ho: µ1 = µ2 = µ3 = µ4        (3.1) 
 Ha: Not all the means are equal 
where: 
Ho = null hypothesis 
Ha = alternative hypothesis 
µ1 = mean biogas production in untreated lime waste 
µ2 = mean biogas production in untreated lime waste co-digested with poultry litter 
µ3 = mean biogas production in treated lime waste 
22 
 
µ4 = mean biogas production in treated lime waste co-digested with poultry litter  
The batch digestion of substrates was carried out in triplicates. 
3.3 Pre-treatment of Lime Wastes and Recovery of Essential Oils 
Prior to the pre-treatment of citrus waste, all of the lime waste sample collected was put in 
an oven at 350C for 72 hours, as an alternative to sun-drying due to frequent rainfalls. This 
was done in order to remove moisture and ease pulverizing.  
After pulverization, the sample was split into two equal halves. One-half was stored in a 
transparent plastic container, labelled as the “untreated” portion of lime waste (Untreated 
CWs) and stored in a refrigerator. The other half of pulverized lime waste was subjected 
to treatment by leaching out essential oils present in it through a solid-liquid extraction 
process. The process is represented in Figure 3.1. 
 
 
 
 
 
 
 
Figure 3.1 Solid-liquid extraction process 
According to Nguyen (2012), the above process occurs in three phases: 
i. Firstly, the transformation of the solute when it dissolves into the available 
solvent. 
ii. The dispersion of solute through the solvent from the openings of the solid to 
surface of the particles. 
iii. The movement of the solute from the solution in contact with the particles to the 
greater part of the solution. 
In this instance, as represented in Figure 3.1 above, the overflow will contain essential oil 
dissolved in the solvent. Whereas the underflow consists of the lime waste bulk residue 
Soxhlet 
Apparatus 
Solvent Z  
Solid feed (Insoluble X 
and Solute Y) 
Underflow (Liquid Z, 
Y and Solid X) 
Overflow (Liquid Z, Y)  
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with small solution of solvent containing essential oil, similar in composition to that in the 
overflow stream. Attention should be paid to the fact that the small amount of remnant 
solution in the underflow can adversely affect the anaerobic digestion process and this 
necessitates the need to carefully select solvents that will have less toxicity on further 
anaerobic digestion process. 
In this work, a Soxhlet apparatus setup, shown in Plate 3.1 below, was used to extract 
essential oils as described by Association of Official Analytical Chemists, AOAC 
(AOAC, 2000). Hexane was used as solvent and added to the lime waste at a ratio of 
2.5:1. The extraction process occurred at a temperature of 680C (hexane boiling point) 
over a duration of 3 hours, the extraction parameters that gave maximum oil yield as 
found in the work of Giwa et al. (2018). In the Soxhlet apparatus, heat from the heating 
mantle was applied to the hexane in the round bottom flask. Hexane vaporised and got 
condensed down through the solid feed (lime waste) where it was able to extract the 
essential oil. 
24 
 
 
Plate 3.1 Soxhlet apparatus 
The overflow stream which contained a mixture of essential oil and solvent was later 
separated. This was done by heating the mixture at the boiling point of hexane to enable it 
evaporate. The extracted essential oil was cooled, measured and stored in a plastic 
container. The underflow stream containing the pre-treated lime waste and small amounts 
of solvent and solute was washed with distilled water and filtered three times. The filtered 
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material was then left in open air for 48 hours to allow excess hexane vaporize. The 
residue was regarded as the “treated” portion of lime waste (Treated CWs). 
3.4 Preparation of Substrate and Inoculum 
In this work, four different kinds of substrates were used. They include: 
a. Untreated lime waste alone 
b. Untreated lime waste co-digested with poultry litter 
c. Treated lime waste alone 
d. Treated lime waste co-digested with poultry litter  
 
Plate 3.2 Substrates before mixture with distilled water. L-R: untreated lime waste; 
untreated lime waste mixed with poultry litter; treated lime waste; and treated lime waste 
mixed with poultry litter 
The substrates samples were mixed with equal volumes of distilled water to form paste. 
Fresh cow dung gotten from an abattoir in Ota, Ogun State, Nigeria was utilized as 
inoculum. The total solid (TS), volatile solid (VS) content of substrates and inoculum 
were determined, as described in the Method 1684 section of the United States 
Environmental Protection Agency, USEPA (USEPA, 2001). Total solid content was 
(a) (b) (c) (d) 
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determined by oven drying representative samples at 1050C until a constant weight was 
reached (Plate 3.3).  
 
Mathematically, the TS was evaluated as: 
    (3.2) 
where: 
  
   
  
Volatile solid content was evaluated by burning of residue from the total solid test at a 
temperature of 550 0C for 2 hours. Mathematically, the VS is evaluated as: 
    (3.3) 
where: 
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Plate 3.3 Total solid content analysis 
3.5 Batch Digestion Set-up 
The anaerobic digestion process was carried out in triplicate batch experiments. Air-tight 
Buchner flasks were improvised as bio-reactors. Figure 3.2 below shows a typical batch 
setup 200 mL of inoculum (cow dung) was first added to each flask, after which 100 mL 
of each substrate paste was added to designated flasks and labelled accordingly. Blanks 
containing water replacing the substrate was used to determine the biogas production of 
the inoculum itself. Before the flasks were sealed, a pH meter was used to determine the 
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pH value of substrate and inoculum mixture as described in literature (American Public 
Health Association, 2005); pH values were equally measured after the incubation period 
also. After pH measurements, the reactors were flushed with a gas containing 80% N2 and 
20% CO2 to ensure anaerobic conditions as described by Hansen et al., (2004) and then 
sealed off using rubber corks. The outlet of the Buchner flasks was connected to a 
measuring system described in the following section. 
Figure 3.2 Bio-reactor 
The digestion (incubation) period was for 28 days at room temperature. The absence of 
suitable equipment proved a barrier to maintaining a precise temperature during the test 
period. However, the average daily temperature readings (see appendix C) all through the 
28 days digestion period was within mesophilic range (25 0C – 45 0C). Plate 3.4 displays 
the entirety of the batch setups. 
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(a) 
 
 
(b) 
Plates 3.4 (a) and (b) Laboratory batch digestion setup 
3.6 Biogas Measurement 
Due to the small amounts of substrates digested, small amount of gas was expected to be 
generated, hence a volumetric method of gas measurement was adopted (Parajuli, 2011). 
A liquid replacement system was developed as described by Pham, Triolo, Cu, Pedersen 
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& Sommer (2013). The outlet of the Buchner flask was connected -via a hose- to a 
capillary tube. The capillary tube was placed in a 1 litre beaker filled with distilled water 
and positioned at the opening of an inverted 50 mL burette filled with distilled water 
(Plate 3.5). Gas was collected into the inverted, water filled burette via the capillary tube 
and as gas was being generated, water is displaced and gas bubbles move up to occupy the 
volume of space vacated. The volume of water displaced is equivalent to the volume of 
gas generated. Owing to the limited volume of burette (50 mL) there was frequent need to 
fill water back to the 50 mL mark on the burette. 
 
Plate 3.5 Biogas measurement technique 
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3.7 Economic Evaluation 
After laboratory experiments, an economic evaluation was conducted on the feasibility of 
large scale production of biogas from the substrate that gave the best biogas yield. The 
following factors affecting the economic feasibility of the anaerobic digestion process of 
waste in commercial quantity were considered: 
i. Capital cost 
Capital cost is a very important factor as it involves all cost associated with establishing 
the biogas plant. It is dependent on plant size and sophistication, plant location, and type 
of waste. Consequently, it is difficult to determine accurately the capital costs of a plant 
without key details as each case is unique. Generally, from the rule of thumb the larger the 
plant the lesser the cost per production unit. The cost does not have a linear relationship 
with the plant size (Forgacs, 2012). 
ii. Operating cost 
Operating cost is the cost incurred from day to day running of the plant. It also covers all 
cost incurred by hiring and servicing the operating staff. 
iii. Value of the biogas 
A lot of countries support and are working towards the sustainable development goals. 
This has led to the implementation of more renewable energy plants and other sustainable 
alternatives to the traditional methods of power generation. The biogas produced can be 
ultimately used to generate electricity and heat as it serves as viable alternative to the 
traditional methods. In a country like Nigeria, the biogas can serve as a source of fuel for 
cooking or as an additional input to the power generation grid, hence can be easily 
monetized. 
iv. Cost of upgrading 
The biogas produced can be treated and upgraded to serve as vehicle fuel or as a substitute 
for natural gas. Depending on quality it can be injected into the national gas grid if one 
exists. The cost of upgrading the biogas depends on the technique used and the amount of 
biogas to be upgraded.  
v. Value or cost of by-products 
The essential oil extracted during the pre-treatment stage can be recovered. Essential oil is 
a very valuable product in today’s global market. However, there might be need to further 
purify essential oil gotten from the treatment procedure and that comes with a cost. Also, 
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after digestion, the biogas plant does not only produce gas. The digestive residue is also 
valuable and can be sold to be used as fertilizer for crops due to its high nutrient 
composition. In Nigeria farmers usually would opt for a cheaper alternative to traditional 
fertilizer if available. This can serve as another source of income for the anaerobic 
digestion plant. The cost or value associated with by-products was not determined in this 
work. 
Cost and value estimates for the above listed factors, except for by-products, were made 
based on current market prices.  
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CHAPTER FOUR  
 RESULTS 
Results and data from the various tests and measurements carried out are presented in the 
following sections 
4.1 Pre-treatment of Lime Waste and Recovery of Essential Oil 
Table 4.1. Oil yield from solid-liquid extraction process 
CWs/HEXANE TEMPERATURE 
(0C) 
TIME(MIN) OIL YIELD 
mL g % 
1:2.5 68 180 42.6  37.5 3.8 
 
The solid-liquid extraction technique was employed to remove D-limonene (pre-treatment 
of lime wastes) and recover essential oil, using a Soxhlet apparatus. Results from the 
experiments indicated that an average of 42.6 mL or 37.5 g of essential oil was 
recoverable from 1 kg  of pulverized lime waste used in this work (see Appendix A for 
complete oil yield data), making up about an average of 3.8% of the lime waste mass 
(Table 4.1). 
4.2 Total Solids (TS) and Volatile Solids (VS) 
Table 4.2. Results of TS and VS measurement 
 Inoculum Untreated 
CWs 
Untreated CWs + 
Litter 
Treated 
CWs 
Treated CWs + 
Litter 
TS (%) 10.0±0.7 18.0±0.4 14.0±0.3 7.0±0.6 5.0±0.1 
VS 
(%) 
81.0±5.4 73.3±1.5 70.7±1.3 77.0±7.1 70.0±1.4 
 
Three samples from each category of substrates, and inoculum were prepared for total 
solids and volatile solid measurements. A summary of the total solids and volatile solid 
content of substrates and inoculum is presented in Table 4.2 (see Appendix B for full 
information on TS and VS measurements). The results showed that untreated lime waste 
had the maximum TS while treated lime waste mixed with poultry litter had the least 
amount of total solids. On the other hand the volatile solid content (expressed as a 
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percentage of the total solid) was highest in the inoculum and least in the mixture of 
untreated lime waste and poultry litter. 
 
4.3 pH of Digestion System 
Table 4.3. pH value of substrates and inoculum mixture before and after digestion 
SUBSTRATE pH before pH after 
Blank 8.58 4.83 
Untreated Lime Waste 9.55 6.52 
Untreated Lime Waste + Poultry Litter 7.23 6.54 
Treated Lime Waste 9.59 4.31 
Treated Lime Waste + Poultry Litter 10.57 6.91 
 
The pH values of substrates mixed with inoculum was taken right before the reactors were 
sealed off and after the 28 days incubation period and the results presented in table 4.3. 
The reduced pH observed in all samples at the end of the incubation periods suggests the 
acidification of the digestion system. 
4.4 Biogas Yield 
The main purpose of this research was to investigate the effect of a pre-treatment method 
as well as co-digestion with organic matter (poultry litter in this case) on the anaerobic 
digestion and consequent biogas production of lime waste. Anaerobic digestion of 
untreated lime waste samples was examined in order to establish a basis for comparison 
with the treated and co-digested samples. The biogas generation of the inoculum alone 
was also studied as “blank” to accurately determine the biogas production of each 
substrate to some extent. The total biogas generated in the blank samples was 8.3±2.8 
mL/g VS. The biogas production in all substrates was monitored on a daily basis and 
summarized results are presented in the following subsections (See Appendix D for 
comprehensive data on biogas production). 
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4.4.1 Untreated lime wastes 
Table 4.4 Average daily biogas yield of untreated lime wastes and blank 
DAY AVERAGE DAILY BIOGAS PRODUCTION (mL/g VS) 
BLANK UNTREATED CWS 
1 0.0±0.0 0.6±0.5 
2 0.0±0.0 1.1±0.9 
3 0.1±0.1 1.7±1.0 
4 0.4±0.2 2.0±0.6 
5 0.3±0.2 5.0±1.6 
6 0.4±0.2 9.2±3.0 
7 0.6±0.2 12.6±1.8 
8 0.4±0.1 11.9±0.6 
9 0.3±0.2 8.4±3.4 
10 0.4±0.2 5.4±2.5 
11 0.6±0.2 2.8±0.2 
12 0.3±0.1 1.4±0.1 
13 0.5±0.2 1.1±0.2 
14 0.4±0.1 0.5±0.3 
15 0.3±0.1 0.4±0.1 
16 0.4±0.1 0.5±0.2 
17 0.4±0.1 0.3±0.1 
18 0.5±0.1 0.2±0.1 
19 0.2±0.1 0.0±0.0 
20 0.2±0.1 0.0±0.0 
21 0.2±0.1 0.0±0.0 
22 0.4±0.1 0.0±0.0 
23 0.1±0.0 0.0±0.0 
24 0.2±0.0 0.4±0.3 
25 0.2±0.1 0.0±0.0 
26 0.2±0.1 0.4±0.2 
27 0.1±0.0 0.6±0.3 
28 0.2±0.0 0.3±0.3 
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Table 4.4 presents summarized data on the average daily biogas production of digested 
untreated lime waste. Biogas generation was detected right from the first day of digestion 
and a steady increase in biogas generation was observed over the coming days with 
generation hitting a peak (12.6±1.8 mL/g VS) on the seventh day. This was followed by a 
decline in biogas yield in the following days as emissions became significantly little after 
day 13, until the process came to a halt after the eighteenth day. Nevertheless, towards the 
end of the digestion period, minute production was detected. 
The total biogas produced over the digestion period was aggregated to be 66.9 mL/g VS 
(Figure 4.1). 
 
Figure 4.1 Cumulative biogas production of untreated lime wastes and blank over the 
incubation period 
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4.4.2 Untreated lime wastes co-digested with poultry litter 
Table 4.5. Average daily biogas yield of untreated lime wastes co-digested with poultry 
litter and blank 
DAY AVERAGE DAILY BIOGAS PRODUCTION (mL/g VS) 
BLANK UNTREATED CWs + POULTRY LITTER 
1 0.0±0.0 0.9±0.5 
2 0.0±0.0 5.6±0.5 
3 0.1±0.1 3.0±0.6 
4 0.4±0.2 3.6±0.9 
5 0.3±0.2 10.6±3.8 
6 0.4±0.2 16.2±0.3 
7 0.6±0.2 9.3±5.0 
8 0.4±0.1 5.2±3.0 
9 0.3±0.2 2.7±2.4 
10 0.4±0.2 1.7±1.7 
11 0.6±0.2 1.1±0.8 
12 0.3±0.1 0.5±0.5 
13 0.5±0.2 0.7±0.4 
14 0.4±0.1 1.4±0.8 
15 0.3±0.1 0.5±0.4 
16 0.4±0.1 0.6±0.5 
17 0.4±0.1 0.5±0.4 
18 0.5±0.1 0.5±0.4 
19 0.2±0.1 0.3±0.3 
20 0.2±0.1 0.2±0.2 
21 0.2±0.1 0.2±0.2 
22 0.4±0.1 0.3±0.3 
23 0.1±0.0 0.2±0.2 
24 0.2±0.0 0.3±0.2 
25 0.2±0.1 0.2±0.2 
26 0.2±0.1 0.2±0.1 
27 0.1±0.0 0.2±0.1 
28 0.2±0.0 0.2±0.1 
The average daily biogas production of untreated lime waste co-digested with 50% 
poultry litter by mass is presented in Table 4.5. As in the case of the untreated lime 
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wastes, production of biogas was observed and recorded on the first day. However, there 
was an initial lag phase observed during the first few days. Although there was biogas 
generation each day of the digestion period, a large proportion of the total biogas 
generated occurred within the first 11 days as significantly little productions were 
measured in the remaining days. The highest daily yield, 16.2±0.3 mL/g VS, was recorded 
on day 6.   
The accumulated biogas produced over the digestion period was estimated to be 66.8 
mL/g VS (Figure 4.2) 
 
Figure 4.2 Cumulative biogas production of untreated lime wastes co-digested with 
poultry litter and blank over the incubation period 
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4.4.3 Treated lime wastes 
Table 4.6 Average daily biogas yield of treated lime wastes and blank 
DAY AVERAGE DAILY BIOGAS PRODUCTION (mL/g VS) 
BLANK TREATED CWs 
1 0.0±0.0 0.3±0.3 
2 0.0±0.0 11.2±1.3 
3 0.1±0.1 24.6±1.3 
4 0.4±0.2 15.0±0.6 
5 0.3±0.2 9.2±1.2 
6 0.4±0.2 2.1±0.3 
7 0.6±0.2 2.4±0.7 
8 0.4±0.1 6.9±1.1 
9 0.3±0.2 4.4±1.2 
10 0.4±0.2 0.4±0.4 
11 0.6±0.2 2.7±0.1 
12 0.3±0.1 1.6±1.3 
13 0.5±0.2 0.6±0.1 
14 0.4±0.1 0.4±0.3 
15 0.3±0.1 0.0±0.0 
16 0.4±0.1 0.1±0.1 
17 0.4±0.1 0.2±0.2 
18 0.5±0.1 0.3±0.1 
19 0.2±0.1 1.1±1.1 
20 0.2±0.1 1.3±1.3 
21 0.2±0.1 1.2±1.2 
22 0.4±0.1 0.5±0.4 
23 0.1±0.0 1.3±0.8 
24 0.2±0.0 1.6±1.2 
25 0.2±0.1 0.8±0.5 
26 0.2±0.1 1.2±0.9 
27 0.1±0.0 1.1±0.9 
28 0.2±0.0 0.6±0.3 
40 
 
Table 4.6 presents summarized data on the average daily biogas production of hexane-
treated lime waste digested alone. The total biogas produced over the digestion period was 
aggregated to be 93.2 mL/g VS (Figure 4.3). Small amount of biogas (0.3±0.3 mL/g VS) 
was recorded on the first day of digestion and the subsequent days had significantly high 
production of biogas. More than 60% of the total biogas yield was recorded during the 
first five days of anaerobic. The highest yield recorded was on the third day with a value 
of 24.6±1.3 mL/g VS. After the twelfth day, production became little and the process 
stopped briefly on the fifteenth day. This was followed by little biogas yield on a daily 
basis until the end of the digestion period. 
 
Figure 4.3 Cumulative biogas production of treated lime wastes and blank over the 
incubation period 
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4.4.4 Treated lime wastes co-digested with poultry litter 
Table 4.7 Average daily biogas yield of treated lime wastes co-digested with poultry litter 
and blank 
DAY AVERAGE DAILY BIOGAS PRODUCTION (mL/g VS) 
BLANK TREATED CWs + POULTRY LITTER 
1 0.0±0.0 7.1±0.4 
2 0.0±0.0 23.9±0.1 
3 0.1±0.1 11.3±0.5 
4 0.4±0.2 10.2±0.2 
5 0.3±0.2 6.9±0.9 
6 0.4±0.2 5.7±0.8 
7 0.6±0.2 13.4±6.8 
8 0.4±0.1 9.6±3.4 
9 0.3±0.2 3.8±0.5 
10 0.4±0.2 3.7±0.9 
11 0.6±0.2 3.8±0.5 
12 0.3±0.1 4.0±2.3 
13 0.5±0.2 7.7±5.3 
14 0.4±0.1 8.2±6.7 
15 0.3±0.1 4.3±3.6 
16 0.4±0.1 0.2±0.2 
17 0.4±0.1 0.2±0.2 
18 0.5±0.1 0.5±0.3 
19 0.2±0.1 0.7±0.7 
20 0.2±0.1 0.8±0.6 
21 0.2±0.1 0.3±0.3 
22 0.4±0.1 0.4±0.1 
23 0.1±0.0 1.2±1.1 
24 0.2±0.0 2.1±1.9 
25 0.2±0.1 2.7±2.7 
26 0.2±0.1 1.8±1.8 
27 0.1±0.0 1.9±1.9 
28 0.2±0.0 1.9±1.9 
 
42 
 
Table 4.7 presents the average daily biogas production of hexane-treated lime waste co-
digested with 50 % poultry litter by mass. Akin to all other substrates examined, biogas 
generation was observed on the first day of digestion, but in greater magnitude. 
Significantly high amounts of biogas was recorded every day until the fifteenth day. 
However, minute generation was recorded between the sixteenth and twenty-second day 
followed by substantial amounts on the twenty-third day up until the end of the digestion 
period. The highest daily yield, 23.9±0.1 mL/g VS, was recorded on day 2. 
The accumulated biogas produced over the digestion period was estimated to be 138.1 
mL/g VS (Figure 4.4). 
 
Figure 4.4 Cumulative biogas production of treated lime wastes co-digested with poultry 
litter and blank over the incubation period 
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4.4.5 Analysis of total biogas production 
Table 4.8 Total biogas production results 
TEST TOTAL BIOGAS PRODUCTION (mL/g VS) 
UNTREATED 
CWs 
UNTREATED 
CWs + POULTRY 
LITTER 
TREATED CWs TREATED CWs + 
POULTRY 
LITTER 
1 70.7 89.8 79.6 106.3 
2 62.5 56 90.1 92.9 
3 67.6 54.6 109.8 215.2 
 
Table 4.8 shows the total biogas generated in three observations for each substrate type. 
Single factor ANOVA was done to determine if the treatment methods employed had 
significant effects on biogas generation. The results of this analysis is presented in Table 
4.9 and Table 4.10. 
Table 4.9 Summary of variance components 
GROUPS COUNT SUM AVERAGE VARIANCE 
Untreated CWs 3 200.8 66.933 17.143 
Untreated CWs + Poultry Litter 3 200.4 66.8 397.24 
Treated CWs 3 279.5 93.167 235.06 
Treated CWs + Poultry Litter 3 414.4 138.13 4499.3 
 
Table 4.10 Analysis of variance 
SOURCE OF VARIATION SS df MS F P-value F crit 
Between Groups 10172 3 3390.8 2.6343 0.1216 4.0662 
Within Groups 10298 8 1287.2    
       
Total 20470 11 138.13 4499.3   
 
4.5 Economic Estimation 
A production plant that treats the substrate that gave the best yield in this work was 
assessed. It was assumed that the plant would treat 10,000 tonnes of the said substrate. 
44 
 
Maximum biogas yield of 138.1 mL/g VS was reported in treated lime waste mixed with 
poultry litter. 
The total solid and volatile solid content of the treated lime waste mixed with poultry litter 
used in this work are 5% and 70%, respectively.  
From 10,000 tons of substrate of lime waste mixed with poultry litter, the mass of volatile 
solid content will be: 
Volatile Solid content (g)   = 0.7 x 0.5 x 10,000 x 106 
   = 350,000,000g 
The volume of gas expected to be generated = 350,000,000g x 138.1 mL/g 
      = 48,335,000,000 mL 
      = 48,335 m3 per annum 
The breakdown of estimates derived to cater for production of biogas at this scale is 
presented in the following sections 
4.5.1 Capital cost 
This will include: 
i. Acquisition of land. The price will depend on the locality where land is purchased. 
ii. Purchase of an industrial grinder for ₦972,000 with a life expectancy of 20 years. 
The cost of the industrial grinder can be expressed as ₦972,000/20 per annum 
Annual cost = ₦48,600 
iii. Purchase of extractor to be used for citrus waste treatment for ₦5,400,000 with a 
life expectancy of 15 years 
Annual cost = ₦360,000 
iv. Purchase of generator set for ₦3,600,000 with a life expectancy of 15 years 
Annual cost = ₦240,000 
v. Purchase of 15m3 waste collection truck for ₦8,208,000 with a life expectancy of 
13 years 
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Annual cost = ₦631,385 
vi. Construction of sixteen 7 x 5 x 3 m3 concrete digester tanks at a unit price of 
₦1,728,000 with a life expectancy of 50 years 
Annual cost = ₦552,960 
vii. Purchase of nine 5 tonne biogas storage tanks at a unit price of ₦540,000 with a 
life expectancy of 12 years 
Annual cost = ₦405,000 
viii. Construction of office space for ₦2,100,000 with a life expectancy of 50 years 
Annual cost = ₦42,000 
4.5.2 Operating cost 
This cover costs associated with day-to-day running of the biogas plant. The following 
estimates were made: 
i. Cost of feedstock is assumed to be free. In Nigeria, indiscriminate dumping of 
waste is the order of the day and most companies do not place any premium on 
waste generated in some cases they pay some waste management service 
companies to take it off their organization premises. So, the cost of obtaining citrus 
waste is relatively free. However, there is a price to pay for hauling the waste to 
the biogas plant site. Assuming the source of waste is at a close distance to the 
plant site, the transportation cost was estimated to be ₦1,587,750 per annum 
ii. Remuneration for plant staff 
 Plant manager = ₦1,500,000 per annum 
 Two technical staff = ₦1,680,000 per annum 
 Five unskilled labour = ₦1,800,000 per annum 
 Two drivers = ₦840,000 
iii. Cost of electricity is estimated to be ₦1,920,000 per annum 
iv. Maintenance and miscellaneous estimated to be ₦2,000,000 per annum 
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4.5.3 Value of biogas and cost of upgrade 
The retail value of cooking gas (Liquefied Petroleum Gas, LPG) was evaluated to be 
₦620.69 per cubic metre. For raw biogas to be converted to this form, it has to be treated 
and upgraded. The cost of upgrading and compression was ascertained to be ₦292.76 per 
cubic metre. 
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CHAPTER   FIVE  
DISCUSSION 
5.1 Essential Oil Yield 
The first research objective investigated a solid-liquid extraction technique (leaching) that 
served a dual purpose of citrus waste pre-treatment by reducing D-limonene content, and 
the recovery of essential oils which is a valuable commercial product. Although no 
separate analysis was done to determine the D-limonene content in the lime waste before 
and after leaching, inferences can be drawn from the essential oil extraction since D-
limonene makes up a large proportion of it. 
Laboratory results showed that approximately 42.6 mL (37.5 g) of oil was extracted from 
1 kg of pulverized lime wastes indicating an oil yield of about 3.8%. These values are 
slightly higher compared to the value obtained in the works of Lopresto et al. (2014), 
0.95%, and Giwa et al. (2018), 2.54%. The lime waste to hexane ratio of 1:2.5 employed 
in this work is probable to have prompted such high oil yield. The extracted essential oil 
was further evaluated to have a density of 0.88 g/mL, and observed to have a dark orange 
colour with a sweet and tangy scent, as well as be insoluble in water. 
5.2 Daily Biogas Production 
In all the substrates examined for biogas production as stated in the second research 
objective, there was a drop in pH after the digestion period. Generally, the optimum pH 
considered for anaerobic digestion ranges from 7 to 8 and this can be achieved with the 
addition of buffer solutions to the anaerobic digestion system, but this was not considered 
in this work. The drop in pH value can be attributed to the acidification of the digestion 
system, hence harming digestive microorganisms and causing failure of the system after 
some days. The resurgence of biogas yield towards the end of the digestion period in all of 
the substrates examined could be as a result of microorganism re-growth but the low 
output indicates that most of the volatile solid contents had been used up earlier. The 
treated lime waste digested alone had the lowest pH of 4.31 after the digestion period and 
this is likely for its early failure after day 14.  
During the anaerobic digestion process, biogas production was monitored and recorded 
daily. Right from the onset, there was a difference in biogas production from different 
substrate types. In the substrates containing treated lime waste, production peak was 
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observed very early on during the digestion period, 3rd day in treated lime digested alone 
and 2nd day in treated lime mixed with poultry litter. The peak production came later on in 
the substrates containing untreated lime waste. It is presumed that not only did the solid-
liquid extraction process leach out D-limonene, it also opened up the structure of the lime 
waste easing digestion when it came in contact with microorganisms (Figure 5.1).  
 
Figure 5.1 Comparison of daily biogas yield in all substrates and blank over the incubation 
period 
As can be deduced from Figure 5.2, in the first seven days of digestion, the substrates 
containing pre-treated lime wastes yielded as much biogas as those containing untreated 
lime wastes produced in the entire digestion period of 28 days. This showed that the pre-
treatment of lime waste improved biogas yield. Results further showed that the co-
digested substrate of treated lime waste and poultry litter had a significant difference in 
biogas yield over treated lime waste alone, owing to the high organic content of poultry 
litter. This was not the case in the untreated substrates. The biogas yield in co-digested 
untreated lime waste and poultry litter, and untreated lime waste alone was almost equal. 
The likely cause for this is the effect of D-limonene which hindered biogas generation 
from the organic rich poultry litter, causing failure of the digestion system.  
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Figure 5.2 Comparison of cumulative biogas yield in all substrates and blank over the 
incubation period 
5.3 Total Biogas Yield 
An accurate representation of how viable a substance is for biogas production is how 
much of it volatile solid content can be converted into biogas. From Figure 5.3, when the 
volume of gas generated is expressed as a function of the volatile solid content used up 
and converted to biogas, it is evident that the treated lime waste co-digested with poultry 
litter is the most viable for biogas generation (138.1 mL/g VS) and the untreated lime 
waste co-digested with poultry litter the least viable (66.8 mL/g VS). Untreated lime waste 
and treated lime waste digested alone yielded 66.9 mL/g VS and 93.2 mL/g VS, 
respectively. 
Comparison of the biogas production of the untreated and treated lime wastes digested 
alone, to evaluate the effect of the solid-liquid extraction treatment, showed an 
improvement in biogas yield from 66.9 mL/g VS in untreated samples to 93.2 mL/g VS in 
treated samples, indicating an increase of about 40%. The improvement in biogas yield is 
lesser when compared with treatment methods used in some other literatures. For instance, 
an increase of 426% was recorded in biogas yield after Forgacs et al., (2012) treated citrus 
waste with steam explosion. Similarly, Wikandari et al., (2014b) recorded an increase of 
over 300% in untreated and treated citrus wastes. However, in this works, buffer solutions 
were added to the substrates to reduce the acidification of the anaerobic digestion process. 
One reason for little improvement in biogas yield in this work can be associated with an 
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inhibitory effect caused by excess hexane used in pre-treatment of citrus waste as 
observed in Nguyen (2012). 
 
Figure 5.3 Comparison of total biogas generated in all substrates and blank 
The results from the ANOVA on the effect of co-digestion or pre-treatment of lime waste 
or a combination of both methods on improvement of biogas generation indicated a P 
value of 0.1216 (Table 4.10).  Since the P value is higher than 0.05, it does not provide 
enough evidence to reject the null hypothesis. Consequently, it was concluded that there 
was no significant difference in biogas production among all the substrate types. 
5.4 Economics of Biogas Production 
The third research objective assessed the economic viability of biogas production from 
citrus waste. From the results obtained in this study it is observed that with treatment it is 
possible to improve the yield of biogas from citrus waste. For commercial purposes it is 
necessary to ascertain the economic viability of biogas generation through citrus waste.  
A production plant that treats 10,000 tons of the substrate that gave the best yield in this 
work was assessed. The total cost of production per annum was calculated as the sum of 
all yearly estimates made in Section 4.5. The cost of production was estimated to be 
₦13,607,695 yearly (Note that the cost of land acquisition was not included as it is an 
asset that appreciates in value over time). The value of biogas must be such that it will 
cover the yearly costs while still having a margin of profit. Also, the value of biogas 
should be less than or equal to the current retail price of cooking gas (Liquefied Petroleum 
Gas, LPG) of ₦620.69 per cubic metre. With this in mind, an evaluation was done. 
51 
 
The minimum price of raw biogas  = ₦13,607,695 ÷ 48,335 m3 
      = ₦281.52 per cubic metre 
It is necessary for raw biogas to be treated and upgraded before utilisation. The cost of 
upgrading depends on the technique used and the amount of gas. This cost was determined 
to be ₦292.76 per cubic metre of gas. 
 Adopting this price, the total cost price of biogas = ₦281.52 + ₦292.76 
       = ₦574.28 per cubic metre 
The adopted process is able to generate biogas from lime waste mixed with poultry litter 
at a cost price of ₦574.28 per cubic metre. This price is less than the present price of gas 
in the country, making the process economically feasible.   
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CHAPTER SIX 
CONCLUSION AND RECOMMENDATIONS 
6.1 Summary 
This work investigated the utilization of citrus (lime) waste for biogas production. Since 
existing literatures had established the inhibitory effect of D-limonene present in citrus 
peels on anaerobic digestion, this work examined pre-treatment and co-digestion of lime 
waste to reduce the toxicity of D-limonene thereby improving biogas yield. The pre-
treatment process was carried out with a solid-liquid extraction technique, with hexane 
used as solvent, to leach out essential oils containing D-limonene from lime wastes. The 
untreated, pre-treated and co-digested lime wastes were digested in laboratory batches 
under room temperature for a period of 28 days. The biogas yield of each substrate was 
evaluated and the results compared. Based on the results obtained, inferences were made 
and an economic evaluation which involved estimation of capital costs of installing a 
biogas facility, operating costs of bio-reactors, cost of obtaining feedstock, digestate value 
or cost, cost of upgrading and purifying biogas, and value of the biogas was carried out. 
6.2 Conclusion 
From this work the following conclusions can be made: 
i. The pre-treatment of lime wastes using hexane as solvent in a solid-liquid 
extraction served the dual purpose of essential oil recovery and reduction of 
toxicity level of D-limonene to anaerobic digestion. Experimental results showed 
that essential oil yield was 3.8%. 
ii. Solid-liquid extraction technique to reduce D-limonene inhibitory effects increased 
biogas production from lime waste. In contrast, the co-digestion of untreated lime 
waste with poultry litter had no effect on biogas yield. However, a mixture of 
treated lime waste and poultry litter produced the highest biogas yield. The 
achieved biogas yield was 138.1 mL/g VS, more than twice the production from 
untreated lime waste. 
iii. ANOVA of experimental results indicated a P value of 0.1216 showing that the 
biogas generation across all substrates types tested had no statistical significant 
difference. 
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iv. The adopted process is deemed environmental friendly and economically feasible. 
From this study, biogas can be generated at a lesser price of ₦574.28 per cubic 
metre compared to the current gas price of ₦620.69 per cubic metre in Nigeria. 
6.3 Contributions to Knowledge 
This research will contribute the following: 
i. develop a technique to utilize lime wastes in generating renewable and clean 
energy to complement the already existing sources of energy. This will help to 
actualize the Sustainable Development Goals 6 (Clean Water and Sanitation) and 7 
(Affordable and Clean Energy); and 
ii. develop a sustainable solution of recovering biogas and other essential oil from 
lime waste. 
6.4 Recommendation 
In this research work certain restrictions such as limited resources, and lack of time were 
faced and this prevented the investigation of certain areas. For future works, the following 
should be examined: 
i. Investigating anaerobic digestion of citrus wastes in a semi-continuous system to 
determine the effect of occasional loading of fresh citrus wastes over time on 
system performance. 
ii. A qualitative analysis should be conducted to determine the composition and 
proportion of gases that makes up the biogas produced from anaerobic digestion 
of citrus waste. 
iii. Analysing the essential oil recovered from solid-liquid pre-treatment of citrus 
wastes to determine its composition and further treatment or upgrading that might 
be required before it can be made use of. 
iv. Varying solid-liquid extraction parameters to determine the optimum conditions 
that will reduce D-limonene content, without excess solvent present in citrus 
waste residue having inhibitory effects on anaerobic digestion process. 
v. Studying other pre-treatment techniques on citrus wastes and co-digesting citrus 
waste with other rich organic materials to improve biogas yield. 
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Appendix A 
Table A1. Oil yield measurement 
RUN CWs/HEXANE TEMPERATURE (oC) TIME(MIN) OIL YIELD 
mL G % 
1 1:2.5 68 180 20.5 18.0 3.65 
2 1:2.5 68 180 22.0 19.4 3.86 
AVERAGE    21.3 18.7 3.76 
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Appendix B 
Table B2. Total solid (TS) and volatile solid (VS) contents measurement 
 TS (%) AVERAGE TS (%) VS (%) AVERAGE VS (%) 
BLANK A 11.3 10.0±0.7 91.5 81.0±5.4 
B 9.6 77.8 
C 9.1 73.7 
TREATED + LITTER A 5.1 5.0±0.1 72.0 70.0±1.4 
B 4.8 67.3 
C 5.1 70.7 
TREATED A 8.6 7.0±0.6 90.2 77.0±7.1 
B 6.0 66.0 
C 6.8 74.8 
UNTREATED A 18.4 18.0±0.4 74.9 73.3±1.5 
B 17.3 70.4 
C 18.3 74.6 
UNTREATED + LITTER A 13.5 14.0±0.3 68.2 70.7±1.3 
B 14.4 72.7 
C 14.1 71.2 
 
 
 
 
 
 
 
 
62 
 
Appendix C  
Table C1. Daily temperature readings 
DAY 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
TEMPERATURE (OC) 31.3 31.1 29.1 30.5 30.3 30.9 29.4 31.3 30.1 29.9 29.0 29.7 29.1 30.0 
 
DAY 15 16 17 18 19 20 21 22 23 24 25 26 27 28 
TEMPERATURE (OC) 30.2 30.9 28.8 30.1 30.6 30.2 29.2 30.5 30.3 30.1 30.9 29.1 29.6 30.4 
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Appendix D 
Table D1. Biogas yield of inoculum alone (Blank) 
DAY A B C AVERAGE ( ) 
mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0±0.0 0.0±0.0 0.0±0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0±0.0 0.0±0.0 0.0±0.0 
3 5.7 0.3 0.4 0.0 0.0 0.0 0.0 0.0 0.0 1.9±1.9 0.1±0.1 0.1±0.1 
4 11.4 0.6 0.8 0.0 0.0 0.0 6.1 0.3 0.4 5.8±3.3 0.3±0.2 0.4±0.2 
5 9.3 0.5 0.6 0.0 0.0 0.0 5.8 0.3 0.4 5.0±2.7 0.3±0.1 0.3±0.2 
6 9.3 0.5 0.6 0.0 0.0 0.0 7.9 0.4 0.5 5.7±2.9 0.3±0.2 0.4±0.2 
7 12.8 0.7 0.9 4.5 0.3 0.3 9.8 0.5 0.7 9.0±2.4 0.5±0.1 0.6±0.2 
8 7.0 0.4 0.5 1.9 0.1 0.1 7.8 0.4 0.5 5.6±1.8 0.3±0.1 0.4±0.1 
9 7.0 0.4 0.5 0.0 0.0 0.0 7.7 0.4 0.5 4.9±2.5 0.3±0.1 0.3±0.2 
10 8.7 0.5 0.6 0.0 0.0 0.0 7.6 0.4 0.5 5.4±2.7 0.3±0.2 0.4±0.2 
11 10.2 0.6 0.7 3.3 0.2 0.2 11.3 0.6 0.8 8.3±2.5 0.5±0.1 0.6±0.2 
12 6.7 0.4 0.5 1.6 0.1 0.1 3.7 0.2 0.3 4.0±1.5 0.2±0.1 0.3±0.1 
13 9.8 0.5 0.7 3.3 0.2 0.2 9.0 0.5 0.6 7.4±2.0 0.4±0.1 0.5±0.2 
14 8.1 0.4 0.5 3.2 0.2 0.2 9.0 0.5 0.6 6.8±1.8 0.4±0.1 0.4±0.1 
15 6.3 0.3 0.4 1.5 0.1 0.1 5.4 0.3 0.4 4.4±1.5 0.2±0.1 0.3±0.1 
16 8.2 0.4 0.6 3.3 0.2 0.2 5.5 0.3 0.4 5.7±1.4 0.3±0.1 0.4±0.1 
17 7.8 0.4 0.5 1.6 0.1 0.1 7.0 0.4 0.5 5.5±1.9 0.3±0.1 0.4±0.1 
18 9.3 0.5 0.6 3.8 0.2 0.3 8.7 0.5 0.6 7.3±1.7 0.4±0.1 0.5±0.1 
19 4.2 0.2 0.3 0.0 0.0 0.0 3.1 0.2 0.2 2.4±1.3 0.1±0.1 0.2±0.1 
20 4.0 0.2 0.3 0.5 0.0 0.0 3.0 0.2 0.2 2.5±1.0 0.1±0.1 0.2±0.1 
21 4.7 0.3 0.3 1.0 0.1 0.1 3.3 0.2 0.2 3.0±1.1 0.2±0.1 0.2±0.1 
22 6.0 0.3 0.4 3.1 0.2 0.2 6.8 0.4 0.5 5.3±1.1 0.3±0.1 0.4±0.1 
23 3.1 0.2 0.2 1.7 0.1 0.1 1.8 0.1 0.1 2.2±0.5 0.1±0.0 0.1±0.0 
24 3.0 0.2 0.2 2.2 0.1 0.2 2.3 0.1 0.2 2.5±0.3 0.1±0.0 0.2±0.0 
25 3.2 0.2 0.2 2.1 0.1 0.1 4.1 0.2 0.3 3.1±0.6 0.2±0.0 0.2±0.1 
26 3.8 0.2 0.3 2.1 0.1 0.1 2.5 0.1 0.2 2.8±0.5 0.1±0.0 0.2±0.1 
27 3.2 0.2 0.2 2.0 0.1 0.1 2.0 0.1 0.1 2.4±0.4 0.1±0.0 0.1±0.0 
28 2.8 0.2 0.2 3.1 0.2 0.2 3.1 0.2 0.2 3.0±0.1 0.2±0.0 0.2±0.0 
TOTAL 175.6 9.6 12.0 45.8 2.7 2.9 144.3 7.8 9.9 121.9±39.1 6.7±2.1 8.3±2.8 
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Table D2. Biogas yield of untreated lime wastes 
DAY A B C AVERAGE ( ) 
mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS 
1 20.5 1.1 1.6 0.0 0.0 0.0 1.7 0.1 0.1 7.4±6.6 0.4±0.4 c 
2 3.9 0.2 0.3 2.6 0.1 0.2 40.5 2.1 2.9 15.7±12.4 0.8±0.7 1.1±0.9 
3 46.2 2.6 3.5 1.0 0.0 0.1 21.7 1.1 1.5 23.0±13.1 1.2±0.8 1.7±1.0 
4 41.5 2.3 3.1 18.0 0.9 1.2 25.7 1.3 1.8 28.4±6.9 1.5±0.4 2.0±0.6 
5 89.6 5.0 6.8 95.3 4.6 6.3 25.4 1.3 1.8 70.1±22.4 3.6±1.2 5.0±1.6 
6 180.7 10/0 13.7 161.1 7.7 10.6 51.7 2.7 3.6 131.2±40.1 6.8±2.2 9.2±3.0 
7 202.8 11.3 15.4 200.0 9.6 13.2 129.7 6.7 9.1 177.5±23.9 9.2±1.3 12.6±1.8 
8 149.0 8.3 11.3 171.8 8.3 11.3 186.9 9.6 13.2 169.9±11.0 8.7±0.4 11.9±0.6 
9 41.3 2.3 3.1 109.0 5.2 7.2 210.0 10.8 14.8 120.1±49.0 6.1±2.5 8.4±3.4 
10 36.3 2.0 2.8 47.5 2.3 3.1 147.8 7.6 10.4 77.2±35.4 4.0±1.8 5.4±2.5 
11 32.2 1.8 2.4 42.9 2.1 2.8 44.4 2.3 3.1 39.8±3.8 2.1±0.1 2.8±0.2 
12 15.3 0.9 1.2 23.2 1.1 1.5 22.1 1.1 1.6 20.2±2.5 1.0±0.1 1.4±0.1 
13 9.2 0.5 0.7 18.5 0.9 1.2 19.6 1.0 1.4 15.8±3.3 0.8±0.2 1.1±0.2 
14 1.6 0.1 0.1 6.6 0.3 0.4 14.5 0.7 1.0 7.6±3.8 0.4±0.2 0.5±0.3 
15 2.2 0.1 0.2 5.1 0.2 0.3 8.8 0.5 0.6 5.4±1.9 0.3±0.1 0.4±0.1 
16 10.3 0.6 0.8 3.0 0.1 0.2 8.4 0.4 0.6 7.2±2.2 0.4±0.1 0.5±0.2 
17 8.5 0.5 0.6 3.9 0.2 0.3 2.1 0.1 0.1 4.8±1.9 0.3±0.1 0.3±0.1 
18 4.1 0.2 0.3 2.8 0.1 0.2 0.0 0.0 0.0 2.3±1.2 0.1±0.1 0.2±0.1 
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0±0.0 0.0±0.0 0.0±0.0 
20 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1±0.1 0.0±0.0 0.0±0.0 
21 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1±0.1 0.0±0.0 0.0±0.0 
22 0.9 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.3±0.3 0.0±0.0 0.0±0.0 
23 1.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.3±0.3 0.0±0.0 0.0±0.0 
24 13.3 0.7 1.0 1.1 0.1 0.1 0.0 0.0 0.0 4.8±4.3 0.3±0.2 0.4±0.3 
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0±0.0 0.0±0.0 0.0±0.0 
26 8.1 0.5 0.6 10.0 0.5 0.7 0.0 0.0 0.0 6.0±3.1 0.3±0.2 0.4±0.2 
27 13.7 0.8 1.0 10.4 0.5 0.7 0.0 0.0 0.0 8.0±4.1 0.4±0.2 0.6±0.3 
28 0.0 0.0 0.0 31.1 0.6 0.9 0.0 0.0 0.0 4.4±4.4 0.2±0.2 0.3±0.3 
TOTAL 932.7 52.0 70.7 946.9 45.4 62.5 961.0 49.4 66.9 946.9±8.2 48.9±1.9 66.9±2.4 
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Table D3. Biogas yield of untreated lime wastes co-digested with poultry litter 
DAY A B C AVERAGE ( ) 
mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS 
1 18.0 1.2 1.7 8.7 0.6 0.9 1.4 0.1 0.1 9.4±4.8 0.6±0.3 0.9±0.5 
2 47.8 3.3 4.6 56.9 4.1 5.8 62.3 4.5 6.4 55.7±4.2 4.0±0.4 5.6±0.5 
3 18.4 1.3 1.8 38.1 2.7 3.9 33.1 2.4 3.4 29.9±5.9 2.1±0.4 3.0±0.6 
4 17.3 1.2 1.7 44.7 3.2 4.6 42.9 3.1 4.4 35.0±8.8 2.5±0.7 3.6±0.9 
5 32.0 2.2 3.1 129.9 9.3 13.3 151.7 11.0 15.5 104.5±36.8 7.5±2.7 10.6±3.8 
6 161.7 11.2 15.7 161.6 11.6 16.5 160.9 11.7 16.4 161.4±.3 11.5±0.2 16.2±0.3 
7 198.7 13.7 19.3 47.3 3.4 1.8 36.5 2.6 3.7 94.2±52.4 6.6±3.6 9.3±5.0 
8 115.2 7.9 11.2 16.1 1.2 1.6 26.1 1.9 2.7 52.5±31.5 3.7±2.1 5.2±3.0 
9 77.5 5.3 7.5 0.0 0.0 0.0 6.4 0.5 0.7 28.0±24.8 1.9±1.7 2.7±2.4 
10 53.4 3.7 5.2 0.0 0.0 0.0 0.0 0.0 0.0 17.8±17.8 1.2±1.2 1.7±1.7 
11 26.6 1.8 2.6 3.6 0.3 0.4 3.0 0.2 0.3 11.1±7.8 0.8±0.5 1.1±0.8 
12 16.7 1.2 1.6 0.4 0.0 0.0 0.0 0.0 0.0 5.7±5.5 0.4±0.4 0.5±0.5 
13 14.4 1.0 1.4 4.9 0.4 0.5 1.0 0.1 0.1 6.8±4.0 0.5±0.3 0.7±0.4 
14 13.2 0.9 1.3 28.7 2.1 2.9 0.0 0.0 0.0 14.0±8.3 1.0±0.6 1.4±0.8 
15 12.6 0.9 1.2 3.1 0.2 0.3 0.0 0.0 0.0 5.2±3.8 0.4±0.3 0.5±0.4 
16 15.8 1.1 1.5 3.0 0.2 0.3 0.0 0.0 0.0 6.3±4.8 0.4±0.3 0.6±0.5 
17 13.8 1.0 1.3 2.4 0.2 0.2 0.0 0.0 0.0 5.4±4.3 0.4±0.3 0.5±0.4 
18 14.4 1.0 1.4 0.0 0.0 0.0 1.6 0.1 0.2 5.3±4.6 0.4±0.3 0.5±0.4 
19 8.4 0.6 0.8 0.0 0.0 0.0 0.0 0.0 0.0 2.8±2.8 0.2±0.2 0.3±0.3 
20 6.3 0.4 0.6 0.0 0.0 0.0 0.0 0.0 0.0 2.1±2.1 0.1±0.1 0.2±0.2 
21 5.4 0.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0 1.8±1.8 0.1±0.1 0.2±0.2 
22 8.8 0.6 0.9 0.0 0.0 0.0 0.0 0.0 0.0 2.9±2.9 0.2±0.2 0.3±0.3 
23 7.1 0.5 0.7 0.0 0.0 0.0 0.0 0.0 0.0 2.4±2.4 0.2±0.2 0.2±0.2 
24 6.9 0.5 0.7 0.0 0.0 0.0 1.5 0.1 0.2 2.8±2.1 0.2±0.2 0.3±0.2 
25 5.3 0.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0 1.8±1.8 0.1±0.1 0.2±0.2 
26 4.0 0.3 0.4 0.0 0.0 0.0 1.0 0.1 0.1 1.7±1.2 0.1±0.1 0.2±0.1 
27 3.3 0.2 0.3 0.0 0.0 0.0 2.0 0.1 0.2 1.8±1.0 0.1±0.1 0.2±0.1 
28 2.8 0.2 0.3 0.0 0.0 0.0 2.4 0.2 0.2 1.7±0.9 0.1±0.1 0.2±0.1 
TOTAL 925.8 64.0 89.8 549.4 39.5 56.0 533.8 38.7 54.6 669.7±128.1 47.4±8.3 66.8±11.5 
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Table D4. Biogas yield of treated lime wastes 
DAY A B C AVERAGE ( ) 
mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS 
1 4.8 0.6 0.8 0.0 0.0 0.0 0.9 0.1 0.1 1.9±1.5 0.2±0.2 0.3±0.3 
2 52.6 7.0 9.1 73.5 10.5 13.6 68.7 8.4 10.9 64.9±6.3 8.6±1.0 11.2±1.3 
3 157.2 21.0 27.1 122.4 17.5 22.7 150.5 18.4 23.9 143.4±10.7 19.0±1.0 24.6±1.3 
4 82.2 11.0 14.2 86.7 12.4 16.1 92.3 11.3 14.7 87.1±2.9 11.6±0.4 15.0±0.6 
5 52.1 6.9 9.0 39.6 5.7 7.3 71.3 8.7 11.3 54.3±9.2 7.1±0.9 9.2±1.2 
6 9.5 1.3 1.6 11.2 1.6 2.1 16.8 2.0 2.7 12.5±2.2 1.6±0.2 2.1±0.3 
7 12.1 1.6 2.1 20.2 2.9 3.7 9.5 1.2 1.5 13.9±3.2 1.9±0.5 2.4±0.7 
8 39.9 5.3 6.9 48.0 6.9 8.9 31.6 3.9 5.0 39.8±4.7 5.4±0.9 6.9±1.1 
9 31.0 4.1 5.3 32.4 4.6 6.0 12.7 1.5 2.0 25.4±6.3 3.4±1.0 4.4±1.2 
10 0.6 0.1 0.1 0.0 0.0 0.0 7.5 0.9 1.2 2.7±2.4 0.3±0.3 0.4±0.4 
11 14.6 1.9 2.5 15.3 2.2 2.8 16.7 2.0 2.7 15.5±0.6 2.0±0.1 2.7±0.1 
12 0.8 0.1 0.1 2.0 0.3 0.4 26.6 3.2 4.2 9.8±8.4 1.2±1.0 1.6±1.3 
13 3.5 0.5 0.6 2.8 0.4 0.5 4.8 0.6 0.8 3.7±0.6 0.5±0.1 0.6±0.1 
14 0.8 0.1 0.1 0.8 0.1 0.1 6.6 0.8 1.0 2.7±1.9 0.3±0.2 0.4±0.3 
15 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.1 0.1 0.3±0.3 0.0±0.0 0.0±0.0 
16 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.1 0.2 0.4±0.4 0.0±0.0 0.1±0.1 
17 0.0 0.0 0.0 0.0 0.0 0.0 4.1 0.5 0.7 1.4±1.4 0.2±0.2 0.2±0.2 
18 0.3 0.0 0.1 1.6 0.2 0.3 2.5 0.3 0.4 1.5±0.6 0.2±0.1 0.3±0.1 
19 0.0 0.0 0.0 0.0 0.0 0.0 20.0 2.4 3.2 6.7±6.7 0.8±0.8 1.1±1.1 
20 0.0 0.0 0.0 0.0 0.0 0.0 23.8 2.9 3.8 7.9±7.9 1.0±1.0 1.3±1.3 
21 0.0 0.0 0.0 0.0 0.0 0.0 23.2 2.8 3.7 7.7±7.7 0.9±0.9 1.2±1.2 
22 0.0 0.0 0.0 7.4 1.1 1.4 1.4 0.2 0.2 2.9±2.3 0.4v0.3 0.5±0.4 
23 0.0 0.0 0.0 6.3 0.9 1.2 17.5 2.1 2.8 7.9±5.1 1.0±0.6 1.3±0.8 
24 0.0 0.0 0.0 4.3 0.6 0.8 25.2 3.1 4.0 9.8±7.8 1.2±0.9 1.6±1.2 
25 0.0 0.0 0.0 2.7 0.4 0.5 11.1 1.4 1.8 4.6±3.3 0.6±0.4 0.8±0.5 
26 0.0 0.0 0.0 2.7 0.4 0.5 18.7 2.3 3.0 7.1±5.8 0.9±0.7 1.2±0.9 
27 0.0 0.0 0.0 2.5 0.4 0.5 18.3 2.2 2.9 6.9±5.7 0.9±0.7 1.1±0.9 
28 0.0 0.0 0.0 3.6 0.5 0.7 6.2 0.8 1.0 3.3±1.8 0.4±0.2 0.6±0.3 
TOTAL 462.0 61.5 79.6 486.0 69.6 90.1 690.5 84.2 109.8 546.2±72.5 71.8±6.6 93.2±8.9 
 
 
 
 
67 
 
Table D5. Biogas yield of treated lime wastes co-digested with poultry litter 
DAY A B C AVERAGE ( ) 
mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS mL mL/g TS mL/g VS 
1 24.3 5.2 7.4 27.3 5.3 7.6 22.6 4.3 6.3 24.7±1.4 4.9±0.3 7.1±0.4 
2 78.8 16.8 23.9 86.4 16.6 24.0 85.7 16.5 23.8 83.6±2.4 16.6±0.1 23.9±0.1 
3 39.5 8.4 12.0 41.3 7.9 11.5 37.0 7.1 10.3 39.3±1.2 7.8±0.4 11.3±0.5 
4 34.6 7.4 10.5 35.5 6.8 9.9 37.0 7.1 10.3 35.7±0.7 7.1±0.2 10.2±0.2 
5 26.3 5.6 8.0 25.2 4.8 7.6 18.2 3.5 5.1 23.2±2.5 4.6±0.6 6.9±0.9 
6 22.8 4.9 6.9 20.3 3.9 6.2 14.7 2.8 4.1 19.3±2.4 3.9±0.6 5.7±0.8 
7 24.9 5.3 7.5 18.8 3.6 5.7 97.0 18.7 26.9 46.9±25.1 9.2±4.8 13.4±6.8 
8 20.3 4.3 6.2 22.2 4.3 6.2 58.7 11.3 16.3 33.7±12.5 6.6±2.3 9.6±3.4 
9 12.9 2.7 3.9 14.9 2.9 4.5 10.3 2.0 2.9 12.7±1.3 2.5±0.3 3.8±0.5 
10 7.8 1.7 2.4 11.9 2.3 3.3 19.6 3.8 5.4 13.1±3.5 2.6±0.6 3.7±0.9 
11 12.1 2.6 3.7 11.1 2.1 3.1 17.0 3.3 4.7 13.4±1.8 2.7±0.3 3.8±0.5 
12 8.0 1.7 2.4 3.6 0.7 1.0 30.7 5.9 8.5 14.1±8.4 2.8±1.6 4.0±2.3 
13 12.7 2.7 3.8 3.6 0.7 1.0 65.6 12.6 18.2 27.3±19.3 5.3±3.7 7.7±5.3 
14 8.9 1.9 2.7 1.2 0.2 0.3 77.3 14.9 21.5 29.1±24.2 5.7±4.6 8.2±6.7 
15 2.9 1.0 1.5 0.0 0.0 0.0 41.4 8.0 11.5 15.4±13.1 3.0±2.5 4.3±3.6 
16 2.2 0.5 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.7±0.7 0.2±0.2 0.2±0.2 
17 1.9 0.4 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6±0.6 0.1±0.1 0.2±0.2 
18 3.0 0.6 0.9 1.9 0.4 0.5 0.0 0.0 0.0 1.6±0.9 0.3±0.2 0.5±0.3 
19 0.0 0.0 0.0 0.0 0.0 0.0 7.9 1.5 2.2 2.6±2.6 0.5±0.5 0.7±0.7 
20 0.8 0.2 0.2 0.8 0.2 0.2 7.0 1.3 1.9 2.9±2.1 0.6±0.4 0.8±0.6 
21 0.0 0.0 0.0 0.0 0.0 0.0 2.7 0.5 0.8 0.9±0.9 0.2±0.2 0.3±0.3 
22 1.0 0.2 0.3 1.0 0.2 0.3 2.6 0.5 0.7 1.5±0.5 0.3±0.1 0.4±0.1 
23 1.1 0.2 0.3 0.0 0.0 0.0 11.7 2.3 3.3 4.3±3.7 0.8±0.7 1.2±1.1 
24 1.5 0.3 0.5 0.0 0.0 0.0 20.7 4.0 5.8 7.4±6.7 1.4±1.3 2.1±1.9 
25 0.0 0.0 0.0 0.0 0.0 0.0 29.0 5.6 8.1 9.7±9.7 1.9±1.9 2.7±2.7 
26 0.0 0.0 0.0 0.0 0.0 0.0 19.1 3.7 5.3 6.4±6.4 1.2±1.2 1.8±1.8 
27 0.0 0.0 0.0 0.0 0.0 0.0 20.2 3.9 5.6 6.7±6.7 1.3±1.3 1.9±1.9 
28 0.0 0.0 0.0 0.0 0.0 0.0 20.5 3.9 5.7 6.8±6.8 1.3±1.3 1.9±1.9 
TOTAL 350.3 74.6 106.3 327.0 62.9 92.9 774.2 149.0 215.2 483.8±145.3 95.5±27.0 138.1±38.7 
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Table D6. Comparison of Average Daily Biogas Production (mL) 
DAY AVERAGE DAILY BIOGAS PRODUCTION (ML) 
BLANK UNTREATED UNTREATED CWs + LITTER TREATED TREATED CWs + LITTER 
1 0.0±0.0 7.4±6.6 9.4±4.8 1.9±1.5 24.7±1.4 
2 0.0±0.0 15.7±12.4 55.7±4.2 64.9±6.3 83.6±2.4 
3 1.9±1.9 23.0±13.1 29.9±5.9 143.4±10.7 39.3±1.2 
4 5.8±3.3 28.4±6.9 35.0±8.8 87.1±2.9 35.7±0.7 
5 5.0±2.7 70.1±22.4 104.5±36.8 54.3±9.2 23.2±2.5 
6 5.7±2.9 131.2±40.1 161.4±.3 12.5±2.2 19.3±2.4 
7 9.0±2.4 177.5±23.9 94.2±52.4 13.9±3.2 46.9±25.1 
8 5.6±1.8 169.9±11.0 52.5±31.5 39.8±4.7 33.7±12.5 
9 4.9±2.5 120.1±49.0 28.0±24.8 25.4±6.3 12.7±1.3 
10 5.4±2.7 77.2±35.4 17.8±17.8 2.7±2.4 13.1±3.5 
11 8.3±2.5 39.8±3.8 11.1±7.8 15.5±0.6 13.4±1.8 
12 4.0±1.5 20.2±2.5 5.7±5.5 9.8±8.4 14.1±8.4 
13 7.4±2.0 15.8±3.3 6.8±4.0 3.7±0.6 27.3±19.3 
14 6.8±1.8 7.6±3.8 14.0±8.3 2.7±1.9 29.1±24.2 
15 4.4±1.5 5.4±1.9 5.2±3.8 0.3±0.3 15.4±13.1 
16 5.7±1.4 7.2±2.2 6.3±4.8 0.4±0.4 0.7±0.7 
17 5.5±1.9 4.8±1.9 5.4±4.3 1.4±1.4 0.6±0.6 
18 7.3±1.7 2.3±1.2 5.3±4.6 1.5±0.6 1.6±0.9 
19 2.4±1.3 0.0±0.0 2.8±2.8 6.7±6.7 2.6±2.6 
20 2.5±1.0 0.1±0.1 2.1±2.1 7.9±7.9 2.9±2.1 
21 3.0±1.1 0.1±0.1 1.8±1.8 7.7±7.7 0.9±0.9 
22 5.3±1.1 0.3±0.3 2.9±2.9 2.9±2.3 1.5±0.5 
23 2.2±0.5 0.3±0.3 2.4±2.4 7.9±5.1 4.3±3.7 
24 2.5±0.3 4.8±4.3 2.8±2.1 9.8±7.8 7.4±6.7 
25 3.1±0.6 0.0±0.0 1.8±1.8 4.6±3.3 9.7±9.7 
26 2.8±0.5 6.0±3.1 1.7±1.2 7.1±5.8 6.4±6.4 
27 2.4±0.4 8.0±4.1 1.8±1.0 6.9±5.7 6.7±6.7 
28 3.0±0.1 4.4±4.4 1.7±0.9 3.3±1.8 6.8±6.8 
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Table D7. Comparison of Average Daily Biogas Production (mL/g VS) 
DAY AVERAGE DAILY BIOGAS PRODUCTION (mL/g VS) 
BLANK UNTREATED UNTREATED CWs + LITTER TREATED TREATED CWs + LITTER 
1 0.0±0.0 0.6±0.5 0.9±0.5 0.3±0.3 7.1±0.4 
2 0.0±0.0 1.1±0.9 5.6±0.5 11.2±1.3 23.9±0.1 
3 0.1±0.1 1.7±1.0 3.0±0.6 24.6±1.3 11.3±0.5 
4 0.4±0.2 2.0±0.6 3.6±0.9 15.0±0.6 10.2±0.2 
5 0.3±0.2 5.0±1.6 10.6±3.8 9.2±1.2 6.9±0.9 
6 0.4±0.2 9.2±3.0 16.2±0.3 2.1±0.3 5.7±0.8 
7 0.6±0.2 12.6±1.8 9.3±5.0 2.4±0.7 13.4±6.8 
8 0.4±0.1 11.9±0.6 5.2±3.0 6.9±1.1 9.6±3.4 
9 0.3±0.2 8.4±3.4 2.7±2.4 4.4±1.2 3.8±0.5 
10 0.4±0.2 5.4±2.5 1.7±1.7 0.4±0.4 3.7±0.9 
11 0.6±0.2 2.8±0.2 1.1±0.8 2.7±0.1 3.8±0.5 
12 0.3±0.1 1.4±0.1 0.5±0.5 1.6±1.3 4.0±2.3 
13 0.5±0.2 1.1±0.2 0.7±0.4 0.6±0.1 7.7±5.3 
14 0.4±0.1 0.5±0.3 1.4±0.8 0.4±0.3 8.2±6.7 
15 0.3±0.1 0.4±0.1 0.5±0.4 0.0±0.0 4.3±3.6 
16 0.4±0.1 0.5±0.2 0.6±0.5 0.1±0.1 0.2±0.2 
17 0.4±0.1 0.3±0.1 0.5±0.4 0.2±0.2 0.2±0.2 
18 0.5±0.1 0.2±0.1 0.5±0.4 0.3±0.1 0.5±0.3 
19 0.2±0.1 0.0±0.0 0.3±0.3 1.1±1.1 0.7±0.7 
20 0.2±0.1 0.0±0.0 0.2±0.2 1.3±1.3 0.8±0.6 
21 0.2±0.1 0.0±0.0 0.2±0.2 1.2±1.2 0.3±0.3 
22 0.4±0.1 0.0±0.0 0.3±0.3 0.5±0.4 0.4±0.1 
23 0.1±0.0 0.0±0.0 0.2±0.2 1.3±0.8 1.2±1.1 
24 0.2±0.0 0.4±0.3 0.3±0.2 1.6±1.2 2.1±1.9 
25 0.2±0.1 0.0±0.0 0.2±0.2 0.8±0.5 2.7±2.7 
26 0.2±0.1 0.4±0.2 0.2±0.1 1.2±0.9 1.8±1.8 
27 0.1±0.0 0.6±0.3 0.2±0.1 1.1±0.9 1.9±1.9 
28 0.2±0.0 0.3±0.3 0.2±0.1 0.6±0.3 1.9±1.9 
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Table D8. Accumulated Biogas Yield 
SUBSTRATE TOTAL BIOGAS PRODUCTION (ML) TOTAL BIOGAS PRODUCTION (ML/G VS) 
BLANK 121.9±39.1 8.3±2.8 
UNTREATED CWS 946.9±8.2 66.9±2.4 
UNTREATED CWS + LITTER 669.7±128.1 66.8±11.5 
TREATED CWS 546.2±72.5 93.2±8.9 
TREATED CWS + LITTER 483.8±145.3 138.1±38.7 
 
 
 
 
 
 
